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This thesis examines shear-wave propagation in the Paris Basin 
and demonstrates that the sedimentary rocks must have, at least, an 
orthorhombic anisotropic symmetry. It is suggested that the most 
likely cause of such an orthorhombic symmetry is the combination of 
fine-layering and crack anisotropy. Observations from two 
near-offset.VSPs indicate the large variation of shear-wave delay 
expected for propagation directions close to a point singularity, 
and constitute probably the first recognition of the effects of a 
singularity in observed data. However, lateral variations of crack 
density in the near-surface could also account for this observation 
and thus, without further geological information about the 
near-surface, it cannot definitely be concluded that the anomously 
low delay at one VSP is due to a singularity. A transition zone 
(close to a singularity) where there are rapid changes of 
shear-wave polarization and delay can account for the anomalous 
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INTRODUCTION 
In recent years, shear-wave anisotropy has increasingly been 
investigated as a tool for subsurface imaging at all depths in the 
Earth's crust. The applications of shear-wave anisotropy are 
numerous (Crampin, 1988a), yet its greatest impact may be on 
reservoir characterization. It is estimated that, with the current 
oil recovery methods, 70% to 80% of mobile oil is left behind after 
initial extraction - implying a vast resource base of unrecovered 
oil. With a better understanding of the relationship between 
reservoir properties and seismic characteristics, new and improved 
geophysical methods will be able to revolutionize reservoir 
engineering, oil recovery, and enhanced oil recovery (Nur, 1989). 
Shear-wave anisotropy offers the potential for greatly enhancing 
the characterization of oil reservoirs, and help exploit this 
resource (Crampin, 1988a). 
In the last few years, shear-wave splitting indicating some form 
of azimuthal anisotropy has increasingly been observed in 
sedimentary rocks. At the SEG Meeting in 1986 several major oil 
companies presented shear-wave data sets indicating azimuthal 
anisotropy in sedimentary rocks (Alford, 1986; Becker and 
Perelberg, 1986; Johnston, 1986; Lynn and Thomsen, 1986; Rai and 
Hanson, 1986; Thomsen, 1988; Willis et al., 1986). These 
observations showed that shear-wave splitting for vertically 
travelling waves is common in sedimentary basins, and that lack of 
splitting may be the exception rather than the rule. Observations 
of shear-wave splitting in sedimentary basins are the result of 
combinations of the transverse isotropy of periodic thin-layers 
(PTL-anisotropy), with a vertical symmetry axis, with the 
transverse isotropy of parallel vertical EDA (extensive-dilatancy 
anisotropy) cracks, with a horizontal symmetry axis (Bush and 
Crampin, 1987; Winterstein, 1987; Sriram, 1987). 
The ability to recognise the alignment of EDA-cracks, and hence 
the principal stress directions, from analysis of shear-wave 
splitting has applications in almost every subsurface investigation 
of the physical properties of the Earth (Crampin, 1988a). A 
knowledge of the direction of crack alignment should lead to the 
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directional permeability and preferential fluid flow directions and 
could therefore allow an optimum borehole configuration for 
hydrocarbon production to be designed. Crack density 
(concentration of cracks) and crack aspect-ratio (ellipticity) bear 
an important relationship to flow magnitude of in situ fluids, and 
could therefore improve the estimation of hydrocarbons in place. 
Since elastic anisotropy results from any preferential alignment in 
the Earth, and in direct response to the stress-field, anisotropy 
measurements are an accurate determination of stress orientation 
(present or ancient) (Crampin et al., 1984a). There are many other 
important applications for such data, ranging from exploiting 
geothermal heat, to possibly earthquake prediction (Crampin, 1987b, 
1988a). Since, shear-wave splitting is sensitive to the details of 
the internal structure along the raypath, any change to the 
geometry of the inclusions will modify the behaviour of the split 
shear-waves. Changes in shear-wave splitting have been recognized 
before and after hydraulic pumping (Crampin and Booth, 1989) and 
before and after earthquakes (Peacock et al., 1988; Booth et al., 
1989). Similarly, changes of shear-wave splitting in hydrocarbon 
reservoir rocks are expected during oil recovery processes. 
In December 1983 the French VSP Consortium recorded a - 
multi-offset P- and shear-wave VSP survey of a Paris Basin 
borehole. The observed records show shear-wave splitting 
indicating the presence of some form of anisotropy along the 
raypaths. Using the ANISEIS Computer Package (Taylor, 1988), for 
modelling full-waveform synthetic seismograms in anisotropic media, 
I have studied the observed shear-waveforms, in order to quantify 
and determine the in situ rock properties. This research has been 
the first attempt to match observations of shear-wave splitting in 
a sedimentary basin with synthetic seismograms. 
As a background to my work I begin, in Chapter 1, with a review 
of seismic anisotropy. In Chapter 2 I analyze the observations of 
shear-wave splitting from the near-offset VSP to obtain estimates 
of crack orientations and densities which I use to define an 
initial cracked model. I find simple isotropic models unable to 
explain the observed shear-wave splitting, however, a simple 
anisotropic structure of vertically aligned cracks models most of 
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the observed shear-wave records. Synthetic seismograms, generated 
for this simple model, closely resemble the observations, yet some 
distinct differences exist which I investigate and successully 
eliminate in the following Chapters. Although shear-wave splitting 
had been recognised in other VSPs, this analysis, first reported in 
Bush and Crampin (1986) and Crampin et al., (1986a), represents the 
first quantitative demonstration of EDA-cracks in a sedimentary 
basin. 
In Chapter 3 I study the properties of the source and the 
receiver, in order to assess whether the anomalous motions are an 
indication of a real subsurface geological condition, or an 
artefact of the recording procedures. I find that the receiver 
reorientation from offset P-waves introduces errors and that this 
procedure is accurate from, at best, ± 6 0 to, at worst, ± 14 0 . 
These are the largest errors in the data, yet are smaller than the 
40 0 and 80 0 rotations of the observed particle motions. I conclude 
that the anomalous changes in particle-motion orientations down two 
VSPs are most probably in response to the subsurface rock 
properties. 
I investigate, in Chapter 4, the synthetic (modelled) seismic 
response to changing the rock-matrix properties. These results 
demonstrate the sensitivity of split shear-waves to the in situ 
rock-matrix properties, and assert the need for an accurate 
isotropic model in order to measure crack properties. The 
differential shear-wave delays are sensitive to the rock-matrix 
velocities and consequently a near-surface low-velocity layer may 
change the shear-wave delays. The different differential 
shear-wave delays observed on the SO and Si VSPs could be 
interpreted as the presence of an extremely low-velocity layer 
(V = 250 m/s) extending far from the surface (-100 m). However, 
this condition is extremely unlikely to exist and would need 
further evidence to support it. 
In Chapter 5 I investigate the seismic response to changes of 
EDA-crack properties, for example, orientation, population density, 
distribution, shape and internal contents. I find that large crack 
aspect-ratios (the least dimension divided by the greatest), 
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AR = 0.3, can improve modelling. The optimum crack orientation is 
N30°W ± 5°. Cracks aligned predominantly vertical but with a 
distribution of dips also improve modelling. I attempt to resolve 
areas of localized anisotropy. I cannot determine whether the 
delays between split shear-wave at 1100 in are due to a homogeneous 
crack density of 0.024 above 1100 m or due to a concentration of 
fractures in the weathered layer. Variations of a weathered layer 
could account for the small observed delays on a near-offset VSP 
compared to the zero-offset VSP. The section between 1100 m and 
2060 in can be modelled with a homogeneous crack density of 0.016. 
An abrupt increase of delay between 1500 m and 1600 m can be 
modelled with a large crack density of 0.12 in a 100 m thick layer 
from 1500 in to 1600 m and a weak crack density of 0.005 in the rest 
of the section. 
The inability of crack models to reproduce the observed 3-C 
seismograms without some anomalous wave-motions, leads me to 
examine combinations of EDA- and PTL-anisotropies in Chapter 6. 
This yields an orthorhombic symmetry system where the shear-wave 
polarizations are no longer wholly parallel to the strike of the 
EDA-cracks as they are in most other geological strata. I find 
that combinations of EDA- and PTL-anisotropy can model the 
anomalous motions. A singularity at near-vertical incidence is 
responsible for the considerably different delays observed between 
the two near-offset VSPs. A transition zone, close to a 
singularity, where there are rapid changes of shear-wave 
polarization and delay is responsible for the anomalous motions 
observed in a wide-offset VSP. Seismograms are more sensitive to 
certain model parameters (rock properties), and consequently these 
parameters are better resolved. From my experience with the Paris 
Basin data I find that the orientation, density and aspect-ratio of 
EDA-cracks, and the magnitude of PTL-anisotropy impose the greatest 
effect on seismograms. Since shear-wave delays change rapidly close 
to singularities, the position of singularities can be determined 
accurately, and consequently place tight constraints on the model. 
I suggest that experiments designed to identify and position the 
shear-wave singularities can considerably improve the resolution of 
the rock properties. 
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Unless otherwise stated in the text, I use the following symbols, 
coordinate systems and abbreviations: 
Latin symbols 
AR 	crack aspect-ratio 
C ijk/ tensor of elastic stiffness 
CD 	crack density 
d layer thickness, damping factor 
f 	frequency 
qSI-f quasi shear-wave in symmetry plane polarized like an SI/wave 
qP 	quasi compressional-wave 
qSI fast quasi shear-wave 
qS2 slow quasi shear-wave 
qSP quasi shear-wave polarized parallel to symmetry plane 
qSR quasi shear-wave polarized at right-angles to symmetry plane 
qSV quasi shear-wave in symmetry plane polarized like an SV wave 
r 	crack radius 
C 
time, traveltime 
'qSI traveltime of the faster quasi shear-wave 
'qS2 traveltime of the faster quasi shear-wave 
V 	velocity, volume 
VP compressional-wave velocity 
Vqp quasi compressional-wave velocity 
Vq5j faster quasi shear-wave velocity 
"qS2 slower quasi shear-wave velocity 
Vs shear-wave velocity 
Greek symbols 
a 	compressional-wave velocity 
B shear-wave velocity 
Y 	ratio of compressional- to shear-wave velocities 
7 	velocity ratio VP' VS 
Y traveltime ratio r It sp 




tensor of strain components 
I 
9 strike of cracks 
e sym angle of shear-wave propagation w.r.t. symmetry axis 
X 	wavelength, Lamé constant for isotropic medium 
X Lamé constant of the pore-fluid 
ii 	rigidity (shear) modulus, Lamé constant for isotropic medium 
P C 	pore-fluid rigidity modulus 
'C 	
pore-fluid viscosity 
P rock-matrix density 
P
C 	pore-fluid density 
Ckl 	tensor of stress components 
•. dip of cracks 
differential shear-wave anisotropy 
I 	compressional-wave anisotropy 
Coordinate systems 
R,T,V Radial, Transverse and Vertical directions forming a 
left-handed Cartesian coordinate system with the radial 
direction in the direction of wave propagation (away from the 
source). 
N,E,V North, East and Vertical geographical directions forming a 
left-handed Cartesian coordinate system. 
x,y,z Right-handed Cartesian coordinates with z vertically 
downwards. 
Abbreviations 
ANISEIS anisotropic seismic modelling package 
CCC 	Compagnie Générale de Géophysique 
EDA extensive-dilatancy anisotropy 
LVL 	low-velocity layer 
PD polarization diagram (hodogram) 
PTL 	periodic thin-layering 




A REVIEW OF SEISMIC ANISOTROPY 
1.1 Introduction 
There are five sections to this review: 
"Effects of seismic anisotropy on body-wave propagation" 
(shear-wave splitting, polarization anomalies and velocity 
variations for the different symmetry classes); 
"Causes of seismic anisotropy in sedimentary rocks" 
(observational evidence for extensive-dilatancy anisotropy, 
periodic thin-layer anisotropy, and lithological anisotropy); 
"Detection of shear-wave splitting in vertical seismic 
profiles" 
(the advantages of placing a 3-C geophone tool inside a 
borehole and away from the free-surface); 
"Theoretical formulations of anisotropic media" 
(relationships between the rock properties of the 
microstructure, such as crack orientation, crack density, fluid 
content, fine layering etc., and the density and elastic 
constants of the resulting macromedium); 
"Computation of synthetic seismograms in anisotropic media" 
(techniques for deriving the synthetic seismic response to the 
anisotropic rock properties). 
1.2 Effects of seismic anisotropy on body-wave propagation 
A medium which has the same physical properties regardless of the 
direction in which they are measured is called an "isotropic" 
medium. If there is any variation of a physical property depending 
on the direction, the medium is called "anisotropic". Anisotropy is 
a result of the directional dependence of a transport property, 
whereas heterogeneity or inhomogeneity is a result of the spatial 
variation of the property. 
Crampin (1981) gives a comprehensive description of wave 
propagation in anisotropic media, and shows that this is 
fundamentally different from propagation in isotropic media, 
although the effects may be subtle and difficult to identify by 
conventional techniques. The solution of the wave equation in 
homogeneous isotropic media indicates that there are two body-waves 
propagating in every direction of phase propagation: a 
compressional-wave, and a shear-wave which have different 
velocities a and 0, respectively. (The existence of two types of 
elastic waves with different velocities was first demonstrated by 
Poisson in a paper read to the Paris Academy of Sciences in 1828 
and published in 1829). The solution of the equations of motion in 
anisotropic media indicates that there are three (not two) 
body-waves propagating in every direction of phase propagation in 
anisotropic media: a quasi compressional-wave (qP), and two quasi 
shear-waves (qS/ and qS2) which have different velocities and 
mutually orthogonal polarizations which vary with the direction of 
phase propagation (Crampin, 1981). The basic mathematics of 
elastic anisotropy has been understood since Love (1892). 
Anisotropy in rocks in the Earth has three major effects on 
seismic wave propagation. 
On entering a region of anisotropy, shear waves split into two 
(or more) phases with fixed velocities and fixed polarizations that 
propagate in that particular direction through the anisotropy 
(Crampin, 1981); 
The direction of quasi P-wave polarization deviates from the 
direction of phase propagation, and quasi shear-wave polarizations 
may deviate from the plane which is orthogonal to the group 
velocity direction. 
(iii) The phase and group velocities of both quasi P-waves and 
quasi shear-waves vary with the direction of propagation. 
Anisotropic media may possess some symmetries so that propagation 
directions, that are symmetrical with respect to a symmetry plane 
or to a symmetry axis, are equivalent as far as elastic behavior 
and wave propagation are concerned. 
Despite an established theory of seismic anisotropy (Love, 1892), 
almost all seismic investigations of the Earth have assumed 
isotropy. For "weak" anisotropy (below 5%) the effects on 
traveltimes are difficult to detect without a large number of 
observations sampling different geometries through the rock mass. 
Consequently it has been found that layers and blocks of isotropic 
rock can model observed P-wave arrival times with considerable 
accuracy. Recently, seismic investigations of the Earth's crust 
have increasingly been recorded on three-component instruments in 
order to record the total seismic wavefield, and without taking 
anisotropy into account it is often difficult to interpret such 
data (for instance, Alford, 1986; Crampin et al., 1986a). 
1.2.1 Shear-wave splitting 
Isotropy is a special degenerate symmetry class where both quasi 
shear-waves are coupled as a single shear-wave. However, in 
general the Earth is anisotropic and the quasi shear-waves remain 
decoupled (except at interfaces, where the three body-waves couple 
together). A plane shear-wave entering a region of anisotropy 
typically excites both quasi shear-waves, and necessarily splits 
into the two shear-waves appropriate for that particular direction 
of phase velocity (a component of the qP-wave is also frequently 
excited, but this will usually be small and can be neglected) 
(Crampin, 1981). The shear waves propagate with different 
velocities and different polarizations, and on leaving the 
anisotropic region the original waveform cannot be reconstructed. 
The difference in the velocities and the polarizations results in a 
characteristic signature of two nearly orthogonal polarizations 
with a time difference, or delay, between them (Crampin, 1985a). 
Thus, "shear-wave splitting" refers to the phenomenon of the time 
separation of both quasi-shear waves in anisotropic media. A split 
shear-wave typically refers to a shear-wave originating from an 
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isotropic medium, having split into two (or more) quasi 
shear-waves. However, since isotropy in the Earth is likely to be 
an exceptional case, the observed shear-waves may simply be 
referred to as quasi shear-waves, or simply shear-waves, where 
quasi is dropped yet recognising that the waves do not behave as in 
isotropic media. Shear-wave splitting is also referred to as 
birefringence, or double refraction, and is analogous to the well 
known phenomenon of optical birefringence observed in calcite. 
It is difficult to recognise smooth variations of P-wave or 
shear-wave velocities unless arrival times can be observed over a 
wide range of directions in a single homogeneous layer, and this is 
seldom possible in the usually complicated crustal structure. Thus 
shear-wave splitting is likely to be the most reliable indicator of 
anisotropy in the crust. Crampin shows in many papers how 
shear-wave splitting can be used to find the properties (for 
example, orientation, population density, aspect-ratio, fluid 
content, etc.) of aligned EDA-cracks (for instance, Crampin, 1985a; 
Crampin, 1987b; Crampin, 1987c). 
1.2.2 Polarization anomalies 
A fundamental property of wave propagation in anisotropic media 
is the existence of polarization anomalies distinguishing the 
motion from isotropic propagation. P-wave polarization anomalies 
arise because of the difference in magnitude and direction between 
the phase velocity and the group velocity. In a homogeneous 
anisotropic medium, the energy moves with the group velocity, but 
locally, the planes of constant phase travel with a different 
velocity, the phase velocity in a different direction. Thus, for a 
P-wave, the direction of particle-motion polarization may differ 
from the direction parallel to either the wavefront normal or the 
ray direction (Crampin et al., 1982) 
As a consequence of the phase velocities varying with propagation 
direction, the group-velocity directions (directions of energy 
transport, seismic ray directions) of the three waves in 
anisotropic media deviate from the propagation direction and are 
not coincident; the deviation varies with the direction of 
11. 
propagation. Conversely, the three waves with a common 
group-velocity direction have different propagation 
(phase-velocity) directions, and non-orthogonal polarizations. 
Thus, in general, the observed shear-wave polarizations are not 
exactly orthogonal since the waves arriving at the geophone have 
coincident group-velocity directions but not phase-velocity 
directions (Crampin, 1984b). This is important since most field 
measurements yield group-velocity values while elastic properties 
of rock are usually considered as functions of phase propagation 
direction. 
1.2.3 Velocity variations in systems of anisotropic symmetry 
The 3-D generalization of Hooke's stress-strain relationship 
governing elastic wave propagation is (for example, Love, 1892; 





if :kl 	ki 
where a 1 , stress, and 5k/'  strain, are second-rank tensors, and 
sjkl 
, elastic stiffness, is a fourth-rank tensor. 
Out of the 34 = 81 components of the elasticity tensor, at most 
21 are independent, because of the symmetry of the strain and 
stress tensors on the one hand, and of thermodynamic considerations 
on the other hand. Thus for the lowest symmetry class (triclinic), 
the stiffness tensor is (Crampin, 1984b): 
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C 1131 	C 1112 
C223 , C2212 
C333 , C33 , 2 
C233 , C232 
C3131 C312 
C 1231 C1212 
The three body-waves (qP, qS/ and q52) with the same propagation 
direction, have mutually orthogonal polarizations and specific 
phase-velocities which are fixed with respect to the axes of 
anisotropic symmetry of the medium for a given propagation 
direction. Anisotropic rock formations may possess some 
symmetries. This means that, at a given point, directions that are 
symmetrical with respect to a symmetry plane or to a symmetry axis 
are equivalent as far as elastic behaviour and wave propagation are 
concerned. In such a case, the number of independent elastic 
coefficients required to describe the medium is reduced and is 
therefore smaller than 21. The eight symmetry classes include as 
one extreme, isotropy, with two elastic constants, and maximum 
symmetry, and at the other extreme, triclinic symmetry, with up to 
21 elastic constants, and where there are no planes of mirror 
symmetry. For isotropic media, the elastic constants expressed in 
terms of Lamé's constants are all zero except: 
C2211 = C3311 = C3322 = X; C2323 = C3231 = C1212 = 
C, 111 = C2222 = C3333 = X + 2p. Crampin and Kirkwood (1981) 
discuss the velocity variations for the various systems of 
anisotropic symmetry. 
The simplest departure from isotropy is that for which the tensor 
of elasticity is isotropic in all directions normal to one 
particular direction. Such a medium may arise from an alignment of 
EDA-cracks or periodic thin-layers (PTL) and is said to be 
transversely isotropic and has hexagonal symmetry. It is 
characterized by five independent elastic constants. A medium 
containing an orthogonal combination of EDA-cracks and 
PTL-anisotropy is orthorhombically symmetric, has three orthogonal 
twofold symmetry axes and, in general, 9 independent constants. A 
medium containing a non-orthogonal combination of EDA-cracks and 
PTL-anisotropy possesses monoclinic symmetry, has a single twofold 
symmetry axis (equivalent, for an elastic medium, to having the 
plane normal to this be a monor plane) and, in general, 13 
independent constants. 
Auld (1973) is one of several complete references for the form of 
elastic stiffness and compliance matrices of media of the various 
symmetry systems. There are many references to anisotropic 
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symmetry in crystallographic literature (Nye, 1957; Musgrave, 
1970; Auld, 1973; Dieulesaint and Royer, 1980). Perhaps the 
major reference in geophysics is Backus ( 1970), which gives a 
strictly mathematical background to symmetry-systems. 
1.3 Causes of seismic anisotropy in sedimentary rocks 
The potential for sedimentary rocks to be elastically anisotropic 
has been established since at least 1932 (McCollum and Snell, 
1932). Several factors could account for observed anisotropy. In 
addition to the alignment of cracks or elongate pores, there is 
mineral alignment, and fine-scale laminations of dissimilar 
isotropic materials. 
Anisotropy with respect to wave propagation occurs if matter has 
a structural orientation on a scale small compared to the 
wavelength, but that persists over distances that are large 
compared to the wavelength. There are several kinds of ordering 
mechanisms of elements on the millimetre-to-metre scale in 
sedimentary rocks that can persist over sufficiently large 
distances. Four causes of seismic anisotropy are most commonly 
invoked to explain field observations: 
aligned cracks, microcracks, fractures and pore space 
(extensive-dilatancy anisotropy, EDA); 
periodic thin-layering of isotropic or anisotropic materials 
(PTL-anisotropy); 
aligned non-spherical sediment grains (lithological 
anisotropy); 
aligned anisotropic crystals (crystalline anisotropy). 
Several other possible causes of anisotropy are listed by Crampin 
et al. (1984a) for example, direct stress-induced anisotropy, 
palaeomagnetic seismic-anisotropy. Whereas EDA, PU and 
lithological anisotropy are common in sedimentary rocks, 
crystalline anisotropy (for example, orthorhombic crystals of 
olivine or pyroxene aligned parallel to the direction of plastic 
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flow) is mainly restricted to the upper mantle (Mess, 1964; 
Francis, 1969; Ave'Lallemant and Carter, 1970; Christensen, 
1984). 
1.3.1 EDA-cracks 
It was first suggested by Crampin et al., (1984b) and later by 
Crampin (1985b), and Crampin and Atkinson (1985) that the 
shear-wave splitting and near-parallel shear-wave polarizations 
observed above small earthquakes near the North Anatolian Fault in 
Turkey (Booth et al., 1985; Crainpin and Booth, 1985) is caused by 
propagation through stress-aligned water-filled microcracks (or 
pores with preferred lineations) which are known to pervade most 
crustal rocks. These pervasive stress-aligned cracks have been 
called "extensive-dilatancy anisotropy" (EDA) by Crampin et al. 
(1984b). 
EDA-cracks are distributions of small, fluid-filled aligned pores 
or microcracks which are present throughout most rocks in the crust 
(where the fluid is usually liquid water, but may be a 
supercritical fluid at higher temperatures and pressures, or a 
gas-water or oil-water mixture in hydrocarbon reservoirs). There 
is evidence that microcrack orientations are relatively mobile and 
will take up the orientation of the current stress field by such 
processes as subcritical crack growth. A rock containing a set of 
aligned EDA-cracks is effectively anisotropic (Crampin, 1978; 
Crampin et al., 1984a). 
Cracks at all depths in the Earth's crust are probably 
fluid-filled (Crampin and Atkinson, 1985): the fluid may be water 
of meteoric or metamorphic origin (Fyfe et al., 1978), water at 
supercritical temperatures (Crampin et al., 1986b), or in some 
places, liquid or gaseous hydrocarbons (Crampin, 1984c), or 
possibly primordial methane and other gases (Gold and Soter, 1980). 
The pore-fluid pressure in these inclusions is likely to be close 
to lithostatic (Gold and Soter, 1980; Crampin et al., 1984b), 
holding the cracks open at all depths in the crust. Water-filled 
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cracks have been found at depths of 12 km in the Kola deep 
borehole, USSR (Koslovsky, 1984), and fluid-filled cracks have been 
cited to explain electrical conductivity results from the lower 
crust (Shankland and Ander, 1983; Cough, 1986) and bright spots in 
deep seismic reflection records. 
Cracks, microcracks and pores are abundant in crustal rocks 
(Simmons and Richter, 1976) and are controlled by many factors 
(Crampin and Atkinson, 1985). The most important cause of crack 
alignment in the crust is non-hydrostatic stress (Nur and Simmons, 
1969; Hadley, 1975; Crampin, 1978, 1985b; Crampin et al., 1980; 
Atkinson, 1982, 1984). Low stresses cause preferential opening and 
subcritical crack growth of existing cracks parallel to the 
direction of maximum compression, probably by the mechanism of 
stress corrosion by fluids at the stress concentrations at crack 
tips (Atkinson, 1979, 1982, 1984) and elastic "bowing" of crack 
walls (Crampin et al., 1984b). Stress corrosion occurs at the tips 
of existing fluid-filled cracks of any orientation: the new growth 
is parallel to the direction of maximum compressive stress (Kranz, 
1983). If the existing crack is not parallel to the direction of 
maximum compression, it closes, expelling its fluid content into 
the new cracks at its tips (Kranz, 1983). There is evidence, 
summarized by Crampin and Atkinson (1985) and Crampin (1985b, 
1986a), that local and regional stress fields cause alignment of 
cracks, and hence anisotropy, throughout the Earth's crust. 
It is not possible to examine these cracks in hand specimens or 
borehole walls because drilling or mining the rock in situ or 
extracting rock specimens changes the stress field, causing the 
crack alignment to alter or disappear; and experiments on 
laboratory specimens cannot reproduce all the factors affecting 
cracks at depths greater than a few metres in the Earth's crust 
(Crampin and Atkinson, 1985). 
1.3.2 Periodic thin-layering 
As early as 1932 (McCollum and Snell, 1932) it was found that 
horizontal P-wave velocities in the outcrops of the Lorraine 
shales, in Canada, were 40% larger than velocities in the vertical 
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direction, Fine layering in well logs and substantially greater 
horizontal than vertical P-wave velocity in sedimentary basins have 
customarily been interpreted as indicating the transverse isotropy 
of periodic thin-layers (PTL-anisotropy). 
Horizontally bedded tine-layering has an elastic symmetry such 
that any vertical line is a symmetry axis, and any vertical plane 
is a symmetry plane. The elastic properties are the same in all 
azimuths and the wave-propagation velocity at any point depends 
only on the angle of the ray through that point with the axis of 
symmetry. If beds are thin with respect to wavelength, the 
stratified formation can be considered as made up of a single 
homogeneous and anisotropic material, even if the individual beds 
are isotropic themselves. 
The criterion which allows the substitution of a succession of 
isotropic layers by an equivalent homogeneous anisotropic medium 
depends on seismic wavelengths being substantially larger than the 
thickness of the individual layers. Therefore, it will often 
happen that this equivalence will be justified for seismic surveys 
but will break down for acoustic well-logging. In some cases, a 
layered medium may even look like a transversely isotropic medium 
for the long-wavelength part of the spectrum of a disturbance and, 
for its shorter wavelengths, like a succession of isotropic layers. 
1.3.3 Lithological anisotropy 
Theoretical considerations indicate that marine sediments should 
be isotropic as initially deposited (Hamilton, 1970). This is 
confirmed in calcareous sediment by Johnson et al. (1977). With 
burial and increasing overburden pressure, such mechanisms as 
reorientation of anisotropic mineral grains, crystallographically 
oriented solution and redeposition would be expected to produce a 
material with elastic properties macroscopically equal in all 
horizontal directions and different from those in the vertical 
direction. In shales and clays, for instance, the thin platy 
crystals of clay minerals settle out of water to lie flat on the 
depositional surface. Milholland et al. (1980) give a good review. 
Aligned pore-space and cracks along the boundaries of aligned 
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crytals and grains contribute to the intrinsic anisotropy (Simmons 
and Richter, 1976). Lithological anisotropy has been observed in 
shale by Ricker (1953), Kaarsberg (1968), Robertson and Corrigan 
(1983) and Banik (1984); in clays by Puzyrev et al. (1984) and 
Brodov et al. (1984); and in submarine turbidites by Davis and 
Clowes (1986). 
1.4 Detection of shear-wave splitting in VSPs 
Recording three-component (3-C) shear-wave vertical seismic 
profiles (VSP5) is ideal for anisotropy measurements (Crampin, 
1987c). The potential value of shear-wave propagation is that 
shear waves have vector polarizations (particle motions) in 3-D, so 
each 3-C shear wavetrain carries 3-0 information about the symmetry 
structure along the raypath. The 3-D information carried by the 
shear wavetrain can only be interpreted if the vector wavefield is 
recorded on 3-C seismic traces (Crampin, 1983). The location of 
the detectors at depth in the relatively quiet environment of the 
borehole gives a much lower background noise level than that 
experienced by surface detectors. However, the principal reason 
for recording in a VSP configuration, is that observations at the 
free surface suffer from all kinds of interactions of waves which 
mask the polarization caused by the anisotropy at depth. Shear 
waves have complicated interactions with the free surface, 
particularly in the presence of low-velocity surface layers, 
topographic irregularities, or the expected near-surface stress-
and crack-anomalies. Additionally, the location of geophones 
inside a borehole, and in the depth zone of interest, allows a more 
.detailed analysis of a reservoir than may be achieved with surface 
geophones (Yardley and Crampin, 1989). 
1.4.1 Free surface effects 
In many seismological situations the interaction of the wavefield 
with the free surface plays a major role in shaping the character 
of the seismogram. The motion at the free surface caused by 
seismic waves incident from below does not correspond to the motion 
at depth. Nuttli (1961) and Evans (1984a) show that for plane 
shear waves arriving at the surface of an isotropic medium, at 
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angles of incidence less than arcsin (V 3/V), the motion at the 
surface has approximately twice the amplitude of the motion at 
depth but otherwise reproduces the motion of the incident shear 
wave. At greater angles of incidence shear waves suffer mode 
conversions and phase amplitude changes, and reconstructing the 
motion at depth is impossible without detailed knowledge of the 
source, path and interfaces. For a surface geophone recording 
waves from a subsurface source (or reflected waves from a surface 
source), the critical angle arcsin (V3JVP) defines a "shear-wave 
window" (Evans 1984a; Crampin 1985a) within which the incident 
rays must lie if shear-waves are to be analysed for splitting or 
polarization anomalies. Note that azimuthal anisotropy strictly 
causes the shear-wave window to vary with azimuth (since the 
Vqii/Vqsi ratio varies azimuthally), however, for weak anisotropy 
the azimuthal variations are unlikely to be more than a few 
degrees. 
1.4.2 Internal interfaces 
Receivers in deep boreholes (at a depth greater than the seismic 
wavelength) do not suffer from free-surface effects (Crampin 
1985a). However, polarization effects at interfaces may occur in 
offset VSPs where oblique rays are used, or for areas with dipping 
interfaces. Douma and Helbig (1987) show that a part of the 
polarization changes observed in VSP measurements may have been 
caused by the passage through interfaces rather than by the passage 
through an anisotropic medium. Mu and Crampin (1989b) show that 
despite the passage through an interface, the initial shear-wave 
polarizations (for propagation in a cracked medium) are parallel to 
the strike of the cracks. Liu and Crampin (1989b) define an 
"internal shear-wave window" analogous to the shear-wave window 
previously defined for incidence at a free surface, except that the 
behaviour at interfaces is more complicated because of additional 
critical angles. Cormier (1984) concludes that interaction with 
irregular internal interfaces could lead to distortions of 
shear-wave polarizations of up to 10°. 
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1.5 Theoretical models of seismic anisotropy 
Numerous workers have observed anisotropy effects in seismic data 
and attributed this to aligned cracks or periodic thin-layering, 
although many other possible causes of anisotropy may exist 
(Crampin, 1987b, 1988a). This could only be justified after 
theoretical models describing the wave propagation in cracked, and 
periodic thin-layered media had been developed and the results 
compared with experimental data. 
Wave propagation through a rock containing an internal structure, 
such as a rock containing aligned cracks, or one made up of 
periodic-thin layers, can be simulated by wave propagation through 
a purely elastic medium which has the same variations of velocity 
as the rock (Crampin, 1978, 1981, 1984a). The anisotropic elastic 
constants of a rock can be computed from seismic measurements (for 
instance, White et al., 1983; Bachman, 1983). However, physical 
laws are ultimately necessary to relate these elastic constants to 
the structure and properties of the in situ rock. I review here 
theoretical formulations for the effective elastic constants of 
cracked and periodically thin-layered media. Such simulations of 
two-phase solids are valid, provided that the dimension of the 
cracks, or the thickness of the layers, is several times smaller 
than the wavelength of the seismic waves propagating through the 
material. 
1.5.1 Formulations for crack inclusions 
The problem of seismic velocities in two-phase media can be 
grouped in two main categories: the crack inclusion approach 
(reviewed here), and the pore space approach of Gassmann (1951) and 
Biot (1956a,b). Theoretical formulations for the elastic moduli of 
a homogeneous or multiphase medium with randomly distributed, dry, 
and fluid-filled inclusions, have been studied under both static 
and dynamic conditions by a number of investigators: Eshelby 
(1957), Hashin (1962), Walsh (1965), Wu (1966), Korringa (1973), 
O'Connell and Budiansky (1974, 1977), Kuster and Toksöz (1974). 
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Garbin and Knopoff (1973, 1975a,b), using the long-wavelength 
limit, develop expressions for the effect on wave velocity of 
scattering by an aligned distribution of infinitesimally thin, 
infinitesimally small, dry or fluid-filled, parallel penny-shaped 
cracks in an isotropic solid. 
Hudson uses Eshelby's (1957) technique to develop more general 
formulations (first-order perturbations in Hudson, 1980, 
second-order perturbations in Hudson, 1981) for the scattering of 
seismic waves with a dominant frequency by distributions of penny 
shaped parallel cracks. Conditions within the crack may vary from 
dry to fluid or solid-filled. Hudson cracks have finite 
aspect-ratios and may be specified in isotropic or anisotropic 
solids, with crack-densities and effects compatible with Garbin and 
Knopoff cracks. Hudson (1981) has developed techniques for 
modelling attenuation due to scattering in cracked solids, and 
Crampin (1984a) shows how they may be formulated so that complex 
elastic-constants model the anisotropic variations in attenuation. 
This allows wave propagation through a two-phase cracked solid to 
be modelled by wave propagation through a homogeneous anisotropic 
material with complex elastic-constants. Hudson (1986) extends his 
(1980, 1981) crack formulations to the case where the cracks 
consist of two or more sets, aligned in different directions. 
The situation where cracks are partially filled with liquid (and 
part with gas) is very different from either extreme of dry or 
liquid-filled cracks since the liquid is forced to flow laterally 
within a crack, at the expense of the more compressible gas, by 
tensions or compressions imposed normal to the plane of the crack. 
Hudson (1988) derives expressions which enable the range of 
internal crack-conditions to be extended to the case of partial 
saturation. 
Hudson cracks are probably the most general formulations, 
however, they are limited to small aspect ratios. Anderson et al. 
(1974) and Nishizawa (1982) present models that calculate the 
effective elastic constants of media containing aligned ellipsoidal 
inclusions. Nishizawa uses Eshelby's (1957) technique to develop a 
general iterative procedure for determining the effects on seismic 
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waves of scattering caused by distributions of ellipsoidal 
inclusions for aspect ratios ranging from very small (flat racks), 
through unity (spherical bubbles), to very large (needle-shaped 
inclusions). Douma (1988) compares Nishizawa's iterative procedure 
with Hudson's algebraic formulations, and finds that the two 
procedures give similar results for cracks with aspect ratios up to 
AR = 0.3 for a crack density CD = 0.05. 
1.5.2 Formulations for long-wave fine-layer elastic anisotropy 
The elastic constants of the long-wave equivalent transversely 
isotropic medium can be calculated in several ways, all of which 
are based on the low-frequency limit: one either determines from 
the outset the macroscopic (in average homogeneous) strain response 
of a representative block of the periodically layered medium to (in 
average homogeneous) stresses, or one determines the dispersion 
equation for such media and evaluates this equation for low 
frequencies. Each layer is assumed to be very thin relative to a 
wavelength, but the total thickness of a given constituent need not 
be small. For the properties of the calculated homogeneous medium 
to be equivalent to the layered medium over any wavelengths, a 
second assumption, stationarity, is invoked. Simply put, the 
relative amount of each constituent is evenly spread over the 
layered medium down to some thickness scale that is assumed to be 
but a fraction of the shortest wavelength. Periodicity is a 
sufficient but not a necessary condition. The problem of elastic 
wave propagation in finely layered media has been treated by a 
number of workers. 
Bruggeman (1935) is apparently the first worker to have computed 
average elastic constants for a finely laminated solid, pointing 
out that the resultant average solid has an axis of symmetry, and 
giving expressions for the five elastic constants required to 
specify its properties. Riznichenko (1948, 1949), Postma (1955), 
White and Angona (1955), consider the asymptotic solution (for very 
long wavelengths) for sequences consisting of two distinct media. 
Postma gives explicit formulae for the five elastic coefficients of 
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the homogeneous transversely isotropic medium, which is long-wave 
equivalent to any periodic isotropic two-layered medium. Postma 
gives some inequalities which must be satisfied by the five elastic 
coefficients of a transversely isotropic medium if it is the 
long-wave equivalent to a periodic, isotropic two-layered medium. 
Helbig (1958) expresses Postma's formulae as averages and 
generalizes.them to the multi-layered case, but does not consider 
the possibility that the layers are intrinsically anisotropic. 
The most general treatment is perhaps that of Backus (1962). 
Backus uses an averaging process over functions of the elastic 
constants of the individual layers to obtain similar functions of 
the elastic constants of the compound medium. This averaging 
process allows the case of nonperiodic sequences of transversely 
isotropic layers to be considered. Backus's formulations can be 
shown to agree with Postma's (1955) result when the medium is 
periodic isotropic two-layered. 
Rytov (1956) solves the wave equation in a periodically layered 
medium with two constituents. He uses Floquet's (1883) theorem, 
and the method is applicable to any medium whose properties vary 
periodically in the vertical direction. However, the mathematical 
complexity is so high that Rytov restricts the final discussion to 
the determination of the asymptotic elastic parameters based on 
versions of the dispersion equation for specific directions. 
The exact solution for wave propagation in an unbounded medium 
consisting of an infinite periodic sequence of homogeous layers is 
discussed by Helbig (1984). Helbig (1984) estimates, for the case 
of qSH-waves ( horizontally-polarized shear-waves), that the 
wavelengths should be at least three times the spatial period of 
the layer sequence. For shorter wavelengths, serious distortion 
through dispersion effects are to be expected. This implies that 
for typical shear wavelengths the replacement of a PTL material by 
its long-wave equivalent transversely-isotropic medium is valid for 
layering on a scale smaller than a few tens of metres. 
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1.6 Computation of synthetic seismograms in anisotropic media. 
It is only since numerical experiments have been made available 
with digital computers that we have gained any real understanding 
of wave propagation in specific anisotropic structures (Crampin-, 
1981). For a great many investigations of anisotropic structures 
the seisrnic.effects are too complicated to understand without 
numerical experiments with synthetic seismograms. 
A number of different computational techniques have been 
developed for the computation of synthetic seismograms in general 
anisotropic media. These techniques are either full waveform 
modelling or ray theory modelling. Both techniques have their 
advantages and disadvantages, and typically require considerably 
more computer time than for isotropic media. 
Which technique is best, very much depends upon what seismic 
responses are to be modelled and what Earth structure is being 
studied. I suggest that shear-wave propagation in laterally 
homogeneous sedimentary basins is probably best modelled using 
full-waveform techniques. Sedimentary rocks are likely to have at 
least orthorhombic symmetry (Bush and Crampin, 1987), for which 
full-waveform techniques are able to compute accurately the 
wavefields propagating through or close to singularities on the 
shear-wave phase velocity sheets (Crampin and Yedlin, 1981). 
However, shear-wave propagation in complicated fault-zones and 3-D 
laterally inhomogeneous media cannot be computed using 
full-waveform techniques and is probably best modelled using ray 
methods. 
1.6.1 Full vaveform modelling 
In recent years various methods for calculating synthetic 
seismograms from point sources in horizontally layered anisotropic 
media have been developed: reflectivity methods (Booth and 
Crampin, 1983; Fryer and Frazer, 1984, 1987); propagator-matrix 
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methods (Keith and Crampin, 1977a, 1977b and 1977c; Mandal and 
Mitchel, 1986); and the Cagniard de-Hoop integration method (Van 
der Hijden, 1987). The development of these computational 
techniques for anisotropic media has been based upon the techniques 
developed for isotropic media. 
Except for the very singular case of isotropy, and in planes of 
mirror symmetry, the effects of propagation in any particular 
symmetry system cannot be directly investigated by means of simple 
equations or general analytical expressions. Standard isotropic 
techniques assume, quite rightly, that energy propagating from 
source to receiver is restricted to the sagittal plane (the 
vertical plane containing the source and receiver). The 
computation of complete synthetics for anisotropic media differs 
from the procedure for isotropy in two ways: (i) the layer 
eigensolutions must be found numerically rather than analytically, 
and (ii) the problem must be dealt with in three dimensions rather 
than two. Booth and Crampin (1983) and Fryer and Frazer (1984) 
show how the reflectivity technique, derived from the work of Fuchs 
and MUller (1971), can be extended to anisotropic media. Though 
the reflectivity technique calculates the full waveform, it is 
limited to horizontally layered 2-D models. 
I have used the ANISEIS program (Taylor, 1987, 1988), previously 
known as ROCPAC, to calculate the synthetic seismograms throughout 
my thesis. ANISEIS is a flexible computer modelling system for 
calculating synthetic seismograms from point sources and the 
behaviour of seismic waves, propagating in plane-layered isotropic 
and general anisotropic solids. The methods used in ANISEIS are 
based on plane wave analyses and involve the use of the 
reflectivity method or propagator matrix method. Synthetic 
seismograms, in a direction without sagittal symmetry through a 
material with azimuthal anisotropy, are calculated in ANISEIS with 
3-D integration (of plane waves from a point source) over frequency 
and slowness in the vertical plane, and over azimuth in the 
horizontal plane. 
The calculation of seismograms, with integration over frequency, 
slowness and azimuth, typically requires an order of magnitude more 
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time than the approximate calculations, with integration over 
frequency and slowness only. Because of the long computer time 
required for azimuthal integration, I calculate synthetic VSPs 
approximately with 2-D integration only over frequency and slowness 
in the vertical plane, omitting azimuthal integration. In ANISEIS, 
the azimuthal variations are approximated analytically by Bessel 
functions. 2-'D integration may be, in some cases, inadequate 
because the group velocity (energy of wave propagation) in a 
non-symmetry direction deviates from the vertical plane containing 
the phase propagation vector, as shown in off-symmetry planes in 
Figure 1.1. The effects of these deviations on seismograms 
propagating through weakly anisotropic rocks, without cusps or 
other major anomalies, may modify PD patterns by changing the 
polarizations and delays of the split shear-waves. Synthetic 
seismograms, for the Paris Basin models, calculated exactly with 
3-D azimuthal integration generally indicate a minor increase in 
shear-wave delays, compared to the approximate 2-0 integrated 
seismograms. A change of delay can be expected, since raypaths are 
no longer approximated and contrained to lie within the sagittal 
plane alone. This increase in delay (almost insignificant) suggests 
that in general, for the weak anisotropy in the Paris Basin, the 
calculation of synthetic seismograms may be approximated. 
However, where group- and phase-velocity sheets deviate 
significantly, these approximations may not be suitable. 
For point sources there are some restrictions on the use of 
anisotropic materials in the models, namely that the material 
containing the source must be isotropic and for certain types of 
summation path in the slowness plane, any halfspaces used in the 
model must also be isotropic. The restriction on the source layer 
is not onerous since the layer can be made very thin and internal 
reflections within it can be suppressed. 
1.6.2 Ray tracing 
The ray method is a high-frequency asymptotic technique, which 
can only be applied if the wave and medium parameters vary slowly 
within a wavelength. This method of studying the propagation of 
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Figure 1.1 Phase and group-velocity variations and out-of-plane 
group-velocity deviations, for the three body waves propagating in 
anisotropic media. Variations are plotted for a quadrant of 
directions from vertical (00) to horizontal (90 0 ), propagating in 
off-symmetry planes of cracked fine-layered solids, with (a) weak 
anisotropy: 1% EDA-anisotropy and 1% PTL-anisotropy; (b) Paris 
Basin anisotropy: 2% EDA-anisotropy and 4% PTL-anisotropy; and 
(c) strong anisotropy: 10% EDA-anisotropy and 10% PTL-anisotropy. 
The three body-waves are the quasi P-wave (qP) with approximately 
longitudinal particle-displacement (polarization), and two quasi 
shear-waves (qSJ and qS2) with transverse particle polarizations. 
The solid lines are phase velocity (normal to the surface of 
constant phase), and the dash-dot lines are group velocity (the 
velocity of a packet of energy along a seismic ray). Phase- and 
group-velocities are joined at every 10° of phase velocity. The 
lowermost diagrams are the out-of-plane deviations of the 
group-velocity direction from the direction of phase propagation. 
known for a long time. The pioneering work in this field has been 
contributed by Babich (1961) and Cerveny (1972) who derive basic 
formulae of the ray theory of propagation of seismic waves in 
heterogeneous anisotropic media. However, for a long time the 
theory in their papers was applied only to simplified problems, 
mostly to the computation of traveltimes in an unbounded space 
(Ceverny and Psencik, 1972). Algorithms for the computation of 
traveltimes, ray amplitudes, and ray synthetic seismograms of 
seismic body waves propagating in 3-D laterally inhomogeneous 
anisotropic media have recently been described and developed by 
Petrashen and Kashtan (1984), Gajewski and Psencik (1987). All 21 
elastic parameters may vary within the anisotropic layers. 
Ray theoretical techniquei are a class of methods very often 
chosen to compute synthetic seismograms due to their efficiency and 
ability to deal with complex 3-0 inhomogeneous media. However, for 
anisotropic media, ray theories are limited by their inability to 
compute accurately the wavefields propagating through, or close to, 
singularities on the shear-wave velocity sheets (Chapman and 
Shearer, 1989). Since shear-wave singularities are known to exist 
in all but the simplest of anisotropic symmetries (Crampin and 
Yedlin, 1981), then the effect of such singularities must be 
properly treated in the modelling procedures. On the other hand, 
the ray method can be applied to more complex models where other 
methods fail, such as wave propagation in complex inhomogeneous 
anisotropic media with smoothly irregular interfaces. Leary et al. 
(1987) and Li et al. (1987) use anisotropic ray tracing to model 
vertical seismic profile data showing fault-zone anisotropy. 
1.6.3 Finite difference 
Finite-difference techniques solve the wave equation by 
substituting difference quotients for derivatives and then using 
these equations to approximate a solution. Such techniques offer 
the inclusion of more realistic Earth structure and, in addition to 
that, all kinds of wave phenomena can be taken into account. On 
the other hand, such models require considerably greater computer 
time than either ray theory or full-waveform modelling. 
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Since the early seventies, the geophysical industry has been 
actively involved in the development of finite-difference methods 
for isotropic seismic modelling (for example, Alterman and Karal, 
1968; Claerbout, 1970; Kelly et al. 1976; Stephens, 1983). 
Recently, a number of finite-difference methods for anisotropic 
media have been developed (for example, Martynov and Mikhailenko, 
1984; Vafidis et al., 1988). These techniques are restricted to 
transversely isotropic media with a vertical symmetry axis, and 
therefore their applications are limited to the study of azimuthal 
isotropy (for example, Kerner et al. 1989). Nicoletis et al. 
(1988b) present a 1-D finite-difference scheme for modelling plane 
shear-waves in a stratified anisotropic medium. 1-D modelling, 
corresponding to the vertical propagation of plane waves in a 
horizontally stratified anisotropic medium, has applications 
limited to zero offset VSP modelling. 
1.6.4 Laboratory modelling 
One approach to the study of elastic wave propagation in 
anisotropic media is the use of scaled physical laboratory models. 
Though laboratory modelling is unlikely to replace the use of 
computational techniques, it is useful for checking analytical 
results (for example, calibration of formulations at large crack 
densities or aspect-ratios) or to predict motions in complicated 
inhomogeneous structures, since the computed seismograms are highly 
reproducible and the experimental cost is relatively low. The 
problem is, however, the production of physical models which 
suitably match the elastic properties of the anisotropic Earth. 
Tatham and Mathews (1987) have constructed a physical model from a 
stack of thin plates of Plexiglass, with water-filled boundaries 
between the plates simulating fractures. They find a nearly linear 
relationship between fracturing and time delay (between split 
shear-waves), in agreement with the theoretical crack formulations. 
Peacock (1988) constructed a physical model to simulate aligned 
crack-shaped inclusions, comparing the measured F- and shear-wave 




INITIAL ANALYSIS AND MODELLING 
2.1 Introduction 
In December 1983 the French VSP Consortium recorded a 
multi-offset P- and shear-wave VSP survey of a Paris Basin 
borehole. The observed records show shear-wave splitting 
indicating the presence of some form of anisotropy along the 
raypaths. Using the ANISEIS Computer Package (Taylor, 1988), for 
modelling full-waveform synthetic seismograms in anisotropic media, 
I study the observed shear-waveforms, in order to quantify the 
anisotropy and determine the in situ rock properties. I find 
simple isotropic models unable to explain the observed shear-wave 
splitting. However, a simple anisotropic structure of 
vertically-aligned cracks models most of the observed shear-wave 
records. Synthetic seismograms, generated for this simple model, 
closely resemble the observations, yet some distinct differences 
exist which I investigate and successfully eliminate in the 
following Chapters. These results represent the first quantitative 
demonstration of EDA-cracks in a sedimentary basin. 
2.2 Geological setting 
An important aspect of the study of seismic anisotropy is the 
incorporation of pertinent geological constraints (Lynn, 1988). I 
begin by discussing the regional geology and geological history of 
the Paris Basin, and then present some details of the local geology 
at the borehole site. 
2.2.1 Regional geology of the Paris Basin 
The Paris Basin is a sub-circular intra-cratonic basin, slightly 
more elongated in the north-south direction (600 km) than in the 
east-west direction (500 km). With an area of approximately 
135,000 km , it occupies more than a quarter of France. The Paris 
Basin rests on ancient massifs: the Ardennes in the north-east, 
the Vosges in the east, the Morvan in the south-east, the Massif 
Central in the south and the Massif Armoricain in the west (see 
Figure 2.1). The maximum thickness is situated to the east of 
Paris, between the Marne and Seine rivers, where the Paleozoic 
basement has been encountered at a depth of 3180 m, after 
traversing approximately 150 m of Tertiary, 1000 m of Cretaceous, 
1500 m of Jurassic and 500 m of Permo-Trias (Figure 2.2). The 
basin depth/diameter ratio is approximately 0.005, a value which 
characterises stable platform basins. This ratio reaches 0.02 in 
the North Sea, and 0.04 in the Western English Channel (Cavelier 
et al., 1980). 
The Paris Basin has been studied intensively by petroleum 
geologists, and I have extracted the following geological history 
of the basin from Pages (1987). 
The genesis of the post-Permian sedimentation broadly 
corresponds to two cycles of transgression/regression. The 
first cycle began in the Triassic with a transgression from 
the east. It is characterized by shallow-marine sands, 
anhydrite and dolomite. Only rarely was salt deposited, 
unlike the basins of Germany and Southern France. Marine 
conditions prevailed throughout the Jurassic, with deposits 
of carbonates and shales including wide-spread Liassic 
shales, which are organic-rich and constitute an important 
source of oil in the central part of the basin, where its 
depth of burial is sufficient to reach maturation. 
The first sedimentary cycle ended in the Late Jurassic, 
when the sea retreated towards the south-east. At the 
onset of the second cycle, Cretaceous sedimentation began 
with sandy continental deposits. By the Late Cretaceous, 
the marine transgression reached its maximum extent with 
the deposition of 300 - 400 m of chalky limestones similar 
to those found over most of Europe. 
During the Tertiary, the circular outline of the Basin 
was achieved principally by the rise of its southern and 
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Figure 2.1 The location of the Paris Basin in Western Europe. 
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eastern rim, as a side effect of the very active structural 
movements in Southern France. The sea retreated again, 
leaving a central lake where continental clastics and 
evaporites were deposited. 
Throughout these two sedimentary cycles, local tectonics 
were of minor importance. However, two important periods 
of faulting can be identified. 
The first occurred during the Triassic and Liassic and 
marks the very end of Hercynian tectonism, which had so 
influenced sedimentation during the Carboniferous and 
Permian. It resulted in a large number of faults with 
relatively small throws (100 m maximum). 
The second period of activity began in the Cretaceous and 
continued until the present as a side effect of Alpine 
tectonics. It created a series of faults of probable 
strike-slip type. The orientations of these faults are 
mainly north-south in the south, NV-SE in the west and 
SW-NE in the east (Figure 2.1), in a pattern suggestive of 
a triple junction. Some of these faults represent a 
rejuvenation of older trends, locally with structural 
inversion, but this is not a systematic pattern. 11 
Data from in situ stress measurements, earthquake focal plane 
solutions and geological stress indicators, all provide evidence to 
suggest a generalised NV-SE maximum stress direction for much of 
NV Europe (Klein and Barr 1986; Marrow and Turbitt 1988). In situ 
stress measurements in thick limestone layers of the Paris Basin 
and in neighbouring regions yield a remarkably homogeneous stress 
field (Froidevaux et al., 1980), similar to that in central and 
NW Europe generated by the Alpine collision. In the Jurassic of 
Burgundy and Poitou, as well as in Carboniferous outcrop near the 
English Channel, maximum compression is found along the NNW-SSE 
direction. Figure 2.3 shows the directions of stress measurements 















\ 	Direction of maximum horizontal stress 
9ffjJ Alpine fold belt 
Figure 2.3 Orientation of maximum horizontal principal stress in 
Northwest Europe (after Klein and Barr, 1986). 
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Barton and Zoback (1988) infer stress orientations in a Paris 
Basin VSP, through the polarization analysis of the radial particle 
motion of tube waves travelling along the borehole interface. The 
azimuthal distribution of measured tube-wave particle motions is 
found to peak at approximately N40°W, in agreement with the 
direction of regional maximum horizontal stress in the locality of 
their studied borehole. 
2.2.2 Local geology at the borehole site 
The borehole descends 2315 m vertically (undeviated) through 
horizontally-bedded sedimentary limestone/shale formation and is 
cased to a depth of 2228 m. The well logs of the lithology, sonic 
velocities, V/V5 ratio, and the density of the surrounding 
rock-formation, are displayed in Figure 2.4. Note that the 
shear-wave velocities have been determined from the P-wave and 
V/V5 logs. 
2.3 VSP data from the Paris Basin 
2.3.1 Data acquisition 
The three-component (3-C) vertical seismic profile (VSP) survey 
of a Paris Basin borehole was recorded (7th - 15th December 1983) 
by the French VSP Consortium (Total Compagnie Française des 
Pétroles, Elf Aquitaine, Gaz de France, Compagnie Générale de 
Géophysique (CGG) and Institut Français du Pétrole) for a series of 
6 offset shear-wave sources, SO to 55, and 22 offset P-wave 
sources. The positions of the shear-wave source offsets, relative 
to the wellhead and the shear-wave source orientations, are shown 
in Figure 2.5 with details provided in Table 2.1. The shear-wave 
sources consisted of two horizontal vibrators, at the surface 
oriented transverse to the source/well direction (SH source). The 
near offset source SO is an exception, oriented 53° from radial - 
SV53 0SH. A 10 second sweep from 7 Hz to 80 Hz of the two 
shear-wave vibrators was conducted simultaneously. P-wave 
vibrators were swept from 13 Hz to 100 Hz. The depths surveyed in 
the borehole ranged from 1100 m to 2960 in with a sampling interval 
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Figure 2.4 Borehole measurements of lithology, P- and shear-wave 














Figure 2.5 Positions of shear-wave source offsets SO to 55 (solid 

























- SO 68 125 162 143 
9/12/83 Si 272 180 271 91 
12/12/83 52 727 259 259 91 
13/12/83 53 1443 198 290 92 
8/12/83 S4A 1772 199 290 91 
9/12/83 S4B 1772 199 290 91 
14/12/83 S5 2311 196 287 91 
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Table 2.1 Details of shear-wave source offsets. 
short hydraulic arms to the borehole casing, thus providing good 
coupling between the casing and the tool. The good anchoring of 
the tool permitted, for each sampling depth, the cable from the 
recording truck to be slackened by about 4 m, hence avoiding 
possible acoustic noise transmitted by the cable (Hardage, 1985). 
The VSP tool used was the CGG "Géolock H", where the geophone 
elements inside the tool are arranged in an orthogonal xyz 
configuration. The data were recorded at a 2 ms sample rate. The 
general details of the borehole and data acquisition are summarized 
in Table 2.2. 
2.3.2 Data processing 
The relative amplitudes and phases of the 3-C traces must be 
preserved during processing, in order to analyse and interpret the 
shear-wave polarizations accurately. CGG applied the following 
processing steps: 
CROSS-CORRELATION of the vibroseis signals. 
3-C REORIENTATION. There was no instrumental determination of 
the horizontal geophone elements, but there were sufficient 
wide-angle P-wave arrivals at each tool position and each source 
offset to allow the orientation of the horizontal elements to be 
determined from maximising the amplitude of the horizontal P-wave 
displacements. 
LOW-PASS FILTER. The presence of high-frequency interference 
on the recorded seismograms was found to distort the observed 
shear-wave particle motions and consequently CGG filtered the 
seismograms through a 50 Hz low-pass filter. Figure 2.6 
illustrates the effect on the shear-wave motions of removing 
high-frequency signal contamination. The careful selection of the 
filter parameters has removed the interfering signal without 
changing the shear wavefield. I suggest that since the wavefield 
of the uncontaminated signal (displayed in polarization diagrams) 
appears unaltered by filtering, any possible side-effects that the 
filter may have had on the amplitude and phase are likely to be 
33 




Altitude of surface 
Base of casing 
Casing diameter 
Liner 





7" from 2228 in to bottom 
 
Details of sources 
Vertical vibrator source 	MERTZ M10 
Horizontal vibrator source MERTZ M13 
P-wave vibrator: 10 s sweep 13 Hz to 100 Hz 
S-wave vibrator: 10 s sweep 7 Hz to 80 Hz 
Details of receivers 
Three-component tool 	CGG "Géolock H" 
Depths surveyed 	 1100 in to 2020 in 
Depth sampling interval 	15 in 
Time sampling interval 0.002 s 
Table 2.2 General details of the borehole and VSP acquisition. 
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Figure 2.6 Effects on shear-wave motions, displayed in horizontal 
Polarization Diagrams, of different filter parameters, used to 
remove signal contamination. 
insignificant compared to the effects of anisotropy. 
2.3.3 Data analysis (for shear-wave splitting) 
With the exception of the SO VSP, all other shear-wave VSPs are 
recorded with an SI! source. For an isotropic horizontally-layered 
Earth this would result in shear-wave energy being predominantly on 
the transverse components. The 3-C shear-wave VSPs (see 
Figure 2.7) reoriented into Vertical, Radial and transverse, (VRT) 
coordinates, indicate that the shear-wave energy is distributed 
between the three orthogonal components. The three components in 
Figure 2.7 are displayed with different gains, so that the 
amplitude on each component cannot be compared. Each component, 
however, displays the true relative amplitudes between successive 
geophone depths. The direct shear-wave arrivals, recorded on the 
Si and S2 VSPs, are equally distributed between radial and 
transverse components, and with increasing depth the shear-wave 
energy progressively shifts away from the transverse components 
onto the radial components. The 53 VSP indicates that, above 
approximately 1500 m, the energy of the direct shear-wave arrivals 
lies principally on the transverse component. Beneath approximately 
1500 m the shear-wave energy shifts onto the radial component. The 
S4 and S5 VSP5 indicate principally transverse shear-wave motion at 
all depths. This qualitative analysis of the 3-C seismograms 
indicates features characteristic of shear-wave propagation in 
anisotropic media. In order to extract further and more detailed 
information from the 3-D shear-wavefields, techniques for 
determining shear-wave polarizations and delays are required. 
Anisotropy impresses a distinctive signature onto shear-wave 
particle motions (shear-wave splitting), which may be interpreted 
in terms of the geometric and physical parameters, characterizing 
the distribution of stress-aligned fluid-filled EDA-cracks 
(microcracks, fractures and pore-space) known to exist in most 
upper-crustal rocks (Crampin, 1978, 1981). This phenomenon can be 
measured by obtaining estimates for the polarization of the leading 
shear-wave and the separation between the split shear-waves. 
Polarization diagrams (hodograms) currently provide the best way of 
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principal drawback of polarization diagrams is that they require an 
experienced analyst whose analysis is entirely subjective. Many 
alternative techniques have recently been proposed to provide a 
more routine and objective data processing (Naville, 1986; Alford, 
1986; Johnston, 1986; Shih and Meyer, 1988; Nicoletis et al., 
1988a; Dubesset et al., 1989; Igel and Crampin, 1989; MacBeth, 
1989; MacBeth and Crampin, 1989; Peron and Wiggins, 1989). These 
automated techniques have been developed to extract selected 
parameters from the wavefield (for example, shear-wave polarization 
and delays). They do not usually include details of, for example, 
waveform changes due to differential shear-wave attenuation. Both 
polarization diagrams and automated techniques are likely to be 
sensitive to asymmetric tool coupling and poor tool reorientation, 
which can severely distort the amplitude and directional 
information. I discuss the effects of source and receiver on the 
3-D wavefield in Chapter 3. 
Polarization diagrams (PD5) display, for a selected time window, 
the particle velocity (or amplitude) from two orthogonal traces, 
projected onto a plane. Though any plane may be displayed, 
commonly, for the analysis of shear-wave splitting in VSPs, the 
horizontal projection of the 3-D particle motion is displayed. For 
near-vertical propagating shear-waves, the horizontal plane is 
near-orthogonal to the ray direction, however, in 
borehole-to-borehole seismics (cross-hole shooting), waves 
propagate along near-horizontal paths where most of the shear-wave 
energy lies in the vertical-transverse plane (Liu and Crampin, 
1989a). In the Paris Basin VSPs there is a wide range of incidence 
angles, possibly from 00 to -70 1 , so that the plane orthogonal to 
the ray direction is not always near-horizontal. However, the 
horizontal plane is a useful plane to analyse since it is constant 
for all the rays, and measurements of the horizontal projection of 
qSJ-wave polarizations may be directly interpreted for horizontal 
crack-orientations (strike of the cracks). The direct 
interpretation of qS/-wave polarizations, in terms of crack 
orientations, may lead to erroneous results, since the two are only 
parallel for a limited range of raypaths (Crampin, 1988b). 
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Figure 2.8 displays horizontal PDs for all geophone depths (from 
1115 ni to 2060 in) for each of the shear-wave VSPs, including a 
repeated VSP at the S4 source offset (S4A and S4B). In general, 
the PD patterns at each offset vary smoothly with depth, and in 
Figure 2.9 I have selected horizontal PDs for six sampling depths 
from each source offset. The principal exceptions to these slow 
variations are the occasional positions where the PDs are radically 
different, either in orientation, or pattern. These may be 
interpreted as, respectively, locations where the reorientation of 
the axes by P-wave arrivals has failed, or where the instrument 
coupling with the borehole wall appears ineffective. The 
similarity of the PDs at the repeated offset (S4A and S4B) suggests 
that the sampling depths are reliable and repeatable, despite 
different clamp orientations. 
In contrast to the impulsive earthquake events of the Turkish 
Dilatancy Project (Booth et al., 1985), where the onset of the 
qS/-wave is well defined (despite the presence of possibly large 
amplitude P-wave coda), the shear-wave vibrator sources of the 
Paris Basin data-set have produced emergent signals, which make it 
difficult to determine the direction of the first shear-wave motion 
(qS/-wave polarization). If the source signature is known, the 
observed wavelet may be reshaped, with a shaping filter, to 
something resembling a spike, and the qSJ- and qS2-wave 
polarizations may be identified as two individual spikes. To 
reshape the observed wavelets in this manner, 3-C seismograms must 
first be rotated in order to separate the shear-wave polarizations 
onto each trace. However, this cannot be achieved if the two 
polarization directions are unknown. It is therefore difficult to 
make detailed interpretations of shear-wave motions without 
modelling or applying additional processing steps. I present here 
some initial interpretations of the Paris Basin '/SP data, from 
which I define a starting model for forward modelling. 
The smallest offset 50 (68 in) displays classical evidence of 
splitting (Crampin, 1985a, 1987a) where the polarizations of the 
two split shear-waves (qSl and q52 waves) are distinguishable in 
PDs (see Figure 2.10). The particle motions for this offset have 
the initial displacements (qSI-wave polarizations) in the NV/SE 
36 
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Figure 2.8 (a) Horizontal polarization diagrams (displayed in 
geographical coordinates) for a 200 ms time window about the direct 
shear-wave arrivals. Depth range: 1115 m to 1220 m. 
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Figure 2.8 (b) Horizontal polarization diagrams (displayed in 
geographical coordinates) for a 200 ms time window about the direct 
shear-wave arrivals. Depth range: 1235 m to 1340 m. 
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Figure 2.8 (c) Horizontal polarization diagrams (displayed in 
geographical coordinates) for a 200 ms time window about the direct 
shear-wave arrivals. Depth range: 1355 m to 1460 m. 
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Figure 2.8 (d) Horizontal polarizat an diagrams (displayed in 
geographical coordinates) for a 200 ms time window about the direct 
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Figure 2.8 (e) Horizontal polarization diagrams (displayed in 
geographical coordinates) for a 200 ms time window about the direct 
shear-wave arrivals. Depth range: 1595 m to 1700 m. 
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Figure 2.8 (f) Horizontal polarization diagrams (displayed in 
geographical coordinates) for a 200 ms time window about the direct 
shear-wave arrivals. Depth range: 1715 m to 1820 in. 
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Figure 2.8 (g) Horizontal polarization diagrams (displayed in 
geographical coordinates) for a 200 ms time window about the direct 
shear-wave arrivals. Depth range: 1835 m to 1940 m. 
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Figure 2.8 (Ii) Horizontal polarization diagrams (displayed in 
geographical coordinates) for a 200 ins time window about the direct 
shear-wave arrivals. Depth range: 1955 m to 2060 in. 
Depth 
N SO 	Si 	S2 	S3 	S4A 	S4B 	S5 
1.16 
1.34 
cq 	 1.52 
1.70 
I 	 1.88 
/ 	 2.06 
Figure 2.9 Selection of horizontal PDs (rotated into geographical 
coordinates) for a 200 ms time window about the shear-wave 
arrivals. Six sampling depths are shown for each of seven source 
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At= 28 ms 
Figure 2.10 Polarization diagrams of horizontal shear-waves 
particle motions, recorded at three geophone depths near the top 
and bottom of the near-offset SO VSP. Arrowheads indicate my 
interpreted qSI- and qS2-wave polarizations. The q52-wave 
polarizations are difficult to identify for the bottom geophones 
and I have not indicated them. The onset of the qSI-wave is 
emergent, so I have calculated shear-wave time delays by counting 
samples between the points marked with arrows (6t= 	- indicating two abrupt changes of polarization. 
quadrants (-N25 0W), and suggest shear-wave propagation through 
vertical cracks striking in these quadrants (Crampin, 19841,). 
Supporting this interpretation the direction of the compressional 
stress in the Paris Basin is also believed to be in these quadrants 
(Froidevaux et al., 1980), and would be expected to align the 
cracks (Crampin and Atkinson, 1985). The shear waves recorded from 
the wider source-offsets do not show such distinctive 
first-motions, possibly because of the smaller time delay between 
the shear waves. 
From the analyses of PDs (Figure 2.10) it is possible to 
determine the approximate delay between split shear-waves, and 
hence estimate the anisotropy and probable crack density. Note 
that for small crack densities, the time delay between the split 
shear-waves is proportional to the crack density for each raypath 
through the cracked rocks. For the near offset SO, the delay 
between split shear-waves is typically 20 ms at the uppermost 
geophones. Down the geophone column the nature of split shear-waves 
changes, as displayed in PDs, indicating an overall increase in 
delay, to approximately 28 ms. The increase in shear-wave delays 
between 1100 m and 2000 in is less than that between the surface and 
1100 m, suggesting a smaller anisotropy at these depths. My 
measurement of shear-wave delays from PDs is subjective, and I have 
estimated an uncertainty of ± 2 ms in my measurements, equivalent 
to ± 1 sample. 
Crampin (1989b) defines the "differential shear-wave anisotropy" 
as the percentage measure of the difference in velocity anisotropy 
of the two quasi shear-waves. The differential shear-wave 
anisotropy, t, is thus expressed as 
	
( jJfltZX 	/flifl ) 
• = 	qSi qS2 





and V 	may range over all directions or over j  
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directions confined to a plane. The shear waves from the SO and Si 
sources propagate almost vertically along a limited range of 
directions, so I define here the "vertical differential shear-wave 
anisotropy" as 
At q 
verr 	Vv  n - 	
v ent 	
1 = q52 - TqSI 
	 (2.2) 




 1qs1 vert 	 qS2 
q / 
From the measured shear-wave traveltimes and delays, I estimate a 
mean event = 2.7 ± 0.2 	(0 in to 1100 m) and t' = 1.8 ± 0.4 % 
(1100 m to 2060 m). The larger uncertainty for the lower-layer 
anisotropy is due to the cumulative uncertainty in measuring the 
delays with depth. This shear-wave anisotropy is unlikely to be 
due to periodic thin-layering (Postma, 1955, Backus, 1962) since 
for horizontal layering the symmetry axis is vertical and the 
vertical differential shear-wave anisotropy is zero. The most 
likely cause for this anisotropy, along near-vertical travel-paths, 
is the effective anisotropy of vertically aligned EDA-cracks 
(Crampin, 1985b). 
Hudson's (1981) crack formulations permit a direct estimate of 
the crack densities from the measured shear-wave anisotropy. Crack 
density (a non-dimensional quantity) is equal to Nall V, where N is 
the number of cracks of radius a in volume V (Budiansky and 
O'Connell, 1976). From Hudson's (1981) Equations 17 and 18, a 
shear wave travelling at an angle 8 	 , from the symmetry axis of
SYM 
fluid-filled cracks, has velocities 
( 	16 	X+2p 
1'qSR 
	- CD 	sin2e 	I½ 
	
( 2.3) 
3 3Xi-4w 	syrn ) 
and 
½ 1 	16 	X+2u 	 1 
	
= 6 1 - - CD 	(cos 6 	- sin 2 $ 	P 
 j 	
(2.4) 
1 	3 	3X+4p 	
syin 	syrn 
1! 
where Vqp and 
VqSR are the velocities of the qSP- and qSR-waves 
(quasi shear-waves polarized parallel and at right angles to the 
symmetry plane respectively); A, p and 0 are respectively the Lamé 
constants and shear-wave velocity of the uncracked rock matrix; 
and CD is the crack density. These expressions (2.2, 2.3 and 2.4) 
may be used to express the vertical differential shear-wave 
anisotropy, for vertically aligned cracks (that is, esym = 90°), as 
a function of the crack density: 
16 	2 	Ih 
S 
.verr = 1 - 1 	- - CD 	 x 100 , 	 (2.5) 
	
. 	 I 
3 	3Y2-2 ) 
and rearranging to obtain the crack density as a function of 
shear-wave anisotropy 
3 3y 2 -2 I 
CD = - 	I 
L 
1 - (1 - • vert1100 ) 2 
j ' 
	 ( 2.6) 
16 y2 	 S 
where y is the VP/ VS ratio of the uncracked rock matrix. 
The estimated shear-wave anisotropies, 1 vert= 2.7 ± 0.2 % and 
•verr = 1.8 ± 0.4 %, suggest (assuming y = 13) average crack 
densities of CD = 0.023 ± 0.002 (0 m to 1100 m), and 
CD = 0.016 ± 0.004 (1100 m to 2060 in). There is, however, no 
reason to suppose that the velocity ratio, y, (of the rock matrix) 
is a constant and the V/V5 log (Figure 2.4) indicates a range of 
values y = 1.9 ± 0.3. Considering the range of velocity ratios in 
the Paris Basin log (which, however, are not necessarily the 
velocity ratios of the uncracked rock matrix), the estimated crack 
densities become CD = 0.024 ± 0.004 (0 m to 1100 m), and 
CD = 0.016 ± 0.005 (1100 m to 2060 m). The final uncertainties in 
crack densities arise from my estimates of the uncertainties in the 
measurement of shear-wave delays, and in the possible range of y. 
I have assumed that the observed shear-wave splitting seen at the 
near-offsets is entirely due to vertically-aligned fluid-filled 




j 	Crack Crack Dip of 
range 
!Time 
density strike cracks 
(ni) (s) (s)  CD 6 
delaP
,vert 
0 	to 0.715 0.020  0.024 4J25°w 900 
1100 ± 0.002 ± 0.002  ± 0.004 ± 100 
1100 to 1.159 0.028 1.8 0.016 -N25°V 90° 
2060 ± 0.002 ± 0.002 ± 0.4 ± 0.005 ± 10° 
Table 2.3 Summary of polarization diagram analysis and interpreted 
crack properties. f 	is measured from the first shear-wave 
motion. 	 q 
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In my shear-wave analysis above, I have assumed that the cracks 
are vertical (dip of cracks, 	= 90°). For non-vertical cracks 
(+ < 90 0 ) the angle, 9 	 between the direction of shear-wave 
propagation and the symmetry axis of the cracks, will be less than 
900. Hence, Equations 2.2, 2.3, and 2.4, yield a different 
expression, relating the measured anisotropy to crack density, and 
the inverted crack densities are different. These parameters 
(crack densities, and crack orientations) may define an initial 
Earth model of aligned cracks, from which the analyses of synthetic 
shear-wave PDs should converge towards the true Earth model. 
2.4 Synthetic modelling of observed data 
I have used the ANISEIS program (Taylor, 1987, 1988) to calculate 
the synthetic seismograms using the anisotropic reflectivity 
technique. ANISEIS generates synthetic seismograms for different 
source signatures. Since I have no information of the emitted 
wavelet at the source, I have produced synthetic seismograms for a 
wavelet best matching the observed shear-wave motions recorded at 
the geophones. I have chosen the following wavelet function 
F (t) = exp (2Jtfila) sin ( 2 rtft) 
	
(2.7) 
where f specifies the dominant frequency and d gives a damping 
factor, which is, very approximately, the number of half cycles 
following the signal origin which will survive damping. 
This function defines an anti-symmetric signal which, I find, 
produces a reasonable match with observed seismograms for f = 20 Hz 
and d = 6. In Figure 2.11 I compare synthetic and observed 
wavelets in both time- and frequency-domains. As the shear wavelet 
produced by the source propagates through the anisotropic medium, 
it splits into, at least, two shear wavelets with distinct 
polarizations. Unless the geophone components are aligned parallel 
to these shear-wave polarizations, the observed shear wavelet will 
be a geometrical combination of the two waves (Crampin, 1987c). 
Thus, to estimate the wavelet, it is necessary to rotate the 
geophone components so as to separate the two shear waves onto each 
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Figure 2.11 Comparison of synthetic and observed shear wavelets in 
time and frequency domain. The synthetic wavelet is represented by 
the function, F (t) = exp (2aft/cO sin (2,tfr), with f = 20 Hz and 
d = 6. The observed wavelet, recorded from the Si source on the 
horizontal geophone components at 1160 in depth, has been rotated by 
300 so as to separate the qS2-wave onto this component. 
approximately the expected shear-wave arrivals. The time-domain 
display indicates that the observed wavelet has dispersed. The 
patterns identified in PDs are dependent on the forms of shear 
wavelets, and in Chapter 3 I investigate the effects of different 
synthetic source functions. 
The general principle I have adopted, in •order to invert the 
observations of shear-wave splitting, has been the modelling the 
observations at the shallow depths first, and then successively 
working down the geophone column modifying the model parameters 
accordingly. In applying this layer-stripping approach to the 
Paris Basin data, I have only considered horizontally-layered 
models of the Earth and have subjectively minimized the misfit 
between observed and synthetic seismograms. I define the optimal 
model as: (1) the one producing synthetic seismograms that best 
match the observed records; (2) the least complicated and (3) the 
most physically plausible. With the second point I mean the use of 
a minimum number of parameters. For example, if an isotropic model 
is sufficient, then all 21 elastic constants are not necessary to 
describe a layer of the model. With the third point I refer to 
examples, such as in Chapter 6, where I demonstrate that 
combinations of fine-layering and crack anisotropy provide a 
suitable model for the Paris Basin. Similar models, yet less 
plausible, with orthorhombic symmetry can result from combinations 
of orthogonal crack distributions. 
2.4.1 Isotropic modelling 
I initially consider a simple horizontally three-layered 
isotropic model, with velocities and densities representative of 
the observed sonic logs. The modelled isotropic velocity structure 
is illustrated in Figure 2.12 with parameters defined in Table 2.4. 
I illustrate this isotropic model schematically in Figure 2.13 (a). 
In Figures 2.13 (b) and (c), I display equal-area projections (see 
Appendix A) of the SV- and SH- wave polarizations, for a hemisphere 
of directions. The shear-wave raypaths sampled for each offset 
(see Figure 2.12) are shown as heavy bars in Figure 2.13. 
Figures 2.13 (b) and (c) illustrate that in homogeneous isotropic 
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Figure 2.12 F- and shear-wave velocities and raypaths for 
3-layered isotropic model with parameters in Table 2.4. 
Thickness Upper Density Vp Vs Material d surface p 
name (rn) (in) (kg/M 3 ) (mis) (mis) 
Li 800 0 2600 2800 1300 
L2. 1000 800 2600 4350 2350 
L3 Halfspace 1800 2600 3600 1800 
Table 2.4 Average 3-layered isotropic velocity model (interpreted 














Figure 2.13 (a) Schematic section of 3-layered isotropic model. 
Equal-area projections for a hemisphere of directions display (b) 
SV-wave polarizations, and (c) Ski-wave polarizations. The 
shear-wave raypaths sampled for each offset and azimuth in 
Table 2.1 and Figure 2.12 are shown as heavy bars. The inner 
circle represents the limit of the shear-wave window for surface 
observations. Equal-area projections are for the layer between 
1100 m and 1800 in. See Appendix A for more details. 
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I compare the observed and synthetic motions of shear-wave 
propagations through this simple isotropic model in 
Figure 2.14 (a). I define the synthetic sources as horizontal 
point-forces with the orientations specified in Table 2.1 for the 
particular offset. Figure 2.14 (a) demonstrates that horizontal 
plane-layered isotropic models give linear, or nearly linear, 
particle motions which are not similar to the sometimes complicated 
observed patterns. The shear-wave arrival times for this 3-layered 
isotropic structure (Figure 2.15) agree well with the observed 
times (Figure 2.7 and Table 2.5). The effect of internal 
interfaces has been shown to cause shear-wave splitting into SVand 
SF! components (Douma and Helbig, 1987; Liu and Crampin, 1989b). 
The polarization direction of a shear wave, incident at an 
interface, generally changes due to the SV and SM components having 
different transmission coefficients (Aki and Richards, 1980). For 
incidence at and beyond the critical angle, the transmission 
coefficient of the component, parallel to the plane of propagation, 
is complex, resulting in a time shift. With the exception of SO, 
the sources are oriented transverse to the geophones, generating SR 
motions at the surface. No splitting occurs at the interfaces and 
the SF! motion is observed at the geophones. Note that for vertical 
incidence, normal to the interfaces, there is little splitting due 
to interfaces, and linear motion is observed for the SO source. If 
I rotate the source orientations to 45 0 between SV and SF! 
(SV45 0 SH), then splitting is observed into Svand SHcomponents, 
from the wide source-offsets where shear waves have the widest 
angles of incidence at the internal interfaces (Figure 2.14 (b)). 
The seismograms displayed as time series indicate the shear-wave 
arrival times, and PDs indicate the relative time delays between 
split shear-waves. These quantities, traveltime and delay, are 
important to calculate the anisotropy. ANISEIS calculates 
full-wave synthetic seismograms using the frequency domain method, 
for which the frequency spectra are uniformly digitized and the 
resulting time-series are periodic. Consequently, late arrivals 
(for example, reflections and mode convertions) are wrapped around, 
causing possibly erroneous (misleading) arrivals in synthetic 
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Figure 2.14 Observed shear-wave PDs (OPEN) compared with the 
synthetic response (BOXED) to a 3-layered isotropic model for 
synthetic sources oriented: (a) in the same direction as the 


























































Figure 2.15 (a) Synthetic seismograms for the 3-layered isotropic 
model (Table 2.4), displayed in Vertical, Radial and Transverse 
components. Synthetic sources are orientea in the same direction 
as the shear-wave vibrator (Table 2.1). 
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Figure 2.15 (b) Synthetic seismograms for the 3-layered isotropic 
model (Table 2.4), displayed in Vertical, Radial and Transverse 













1.100 0.758 0.837 1.087 1.197  
F1.404 
 
1.115 0.722 0.766 0.842 1.088 1.195  
1.130 0.727 0.770 0.846 1.088 1.196  
1.145 0.734 0.777 0.849 1.089 1.197 
1.160 0.736 0.780 0.853 1.089 1.197 1.403 
1.175 0.740 0.787 0.858 1.090 1.403 
1.190 0.750 0.793 0.863 1.093 1.201 1.403 
1.205 0.757 0.798 0.866 1.095 1.201 1.404 
1.220 0.762 0.803 0.870 1.097 1.202 1.403 
1.235 0.768 0.810 0.875 1.099 1.203 1.403 
1.250 0.773 0.813 0.879 1.101 1.203 1.402 
1.265 0.779 0.821 0.883 1.103 1.204 1.401 
1.280 0.785 0.826 0.887 1.207 1.401 
1.295 0.791 0.829 0.891 1.106 1.204 1.403 
1.310 0.797 0.835 0.896 1.107 1.209 1.404 
1.325 0.802 0.842 0.901 1.111 1.210 1.406 
1.340 0.809 0.849 0.907 1.116 1.214 1.408 
1.355 0.815 0.854 0.912 1.119 1.216 1.411 
1.370 0.822 0.860 0.917 1.221 1.414 
1.385 0.829 0.868 0.923 1.128 1.227 1.417 
1.400 0.841 0.934 1.135 1.233 1.426 
1.415 0.848 0.888 0.941 1.141 1.239 1.425 
1.430 0.858 0.897 0.951 1.148 1.246 1.447 
1.445 0.864 0.903 0.958 1.156 1.254 1.448 
1.460 0.876 0.913 0.966 1.161 1.259 1.447 
1.475 0.881 0.921 0.970 1.166 1.261 1.450 
1.490 0.885 0.925 0.974 1.166 1.259 1.448 
1.505 0.890 0.929 0.978 1.168 1.261 1.449 
1.520 0.896 0.936 0.984 1.171 1.262 1.451 
1.535 0.901 0.941 0.990 1.173 1.265 1.452 
1.550 0.905 0.948 0.995 1.177 1.267 1.456 
1.565 0.913 0.955 1.001 1.182 1.272 1.461 
Table 2.5 (a) Traveltimes of the direct shear-wave arrivals from 
















1.580 0.919 0.962 1.007 1.186 1.278 1.463 
1.595 0.924 0.967 1.012 1.190 1.281 1.467 
1.610 0.930 0.973 1.018 1.195 1.285 1.468 
1.625 0.935 0.980 1.024 1.197 1.286 1.469 
1.640 0.940 0.984 1.200 1.290 1.471 
1.655 0.947 0.991 1.032 1.201 1.290 1.469 
1.670 0.954 0.997 1.040 1.204 1.293 1.471 
1.685 0.957 1.002 1.044 1.206 1.294 
1.700 0.965 1.007 1.051 1.211 1.299 1.480 
1.715 0.972 1.016 1.221 1.304 1.482 
1.730 0.976 1.020 1.062 1.222 1.306 1.484 
1.745 0.984 1.028 1.069 1.225 1.309 1.486 
1.760 0.989 1.033 1.072 1.227 1.312 1.489 
1.775 0.996 1.039 1.077 1.232 1.315 1.493 
1.790 1.006 1.049 1.086 1.240 1.322 1.499 
1.805 1.016 1.059 1.095 1.248 1.329 1.504 
1.820 1.025 1.067 1.102 1.254 1.334 1.509 
1.835 1.036 1.079 1.112 1.265 1.343 1.516 
1.850 1.045 1.088 1.120 1.270 1.349 1.521 
1.865 1.053 1.096 1.127 1.278 1.356 1.527 
1.880 1.064 1.106 1.139 1.287 1.363 1.533 
1.895 1.072 1.114 1.147 1.294 1.370 1.540 
1.910 1.083 1.124 1.156 1.306 1.374 1.546 
1.925 1.092 1.134 1.165 1.301 1.383 1.550 
1.940 1.102 1.142 1.173 1.315 1.391 1.556 
1.955 1.112 1.153 1.183 1.322 1.400 1.563 
1.970 1.119 1.160 1.188 1.328 1.405 1.568 
1.985 1.128 1.169 1.198 1.335 1.407 1.573 
2.000 1.136 1.177 1.205 1.342 1.417 1.578 
2.015 1.145 1.185 1.213 1.349 1.424 1.584 
2.030 1.153 1.193 1.221 1.355 1.430 1.589 
2.045 1.162 1.201 1.228 1.361 1.434 1.594 
2.060 1.169 1.209 1.235 1.373 1.442 1.598 
Table 2.5 (b) Traveltimes of the direct shear-wave arrivals from 
the surface vibrator sources to the downhole geophones. 
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I have demonstrated that simple isotropic models are Insufficient 
to account for and explain the intricate observed shear-wave 
particle motions of Figure 2.9. This implies the possible existence 
of anisotropy along the raypaths. 
2.4.2 Anisotropic modelling: PTL-anisotropy 
Sonic velocities (in Figure 2.4) fluctuate considerably over 
short vertical intervals, suggesting evidence for periodic 
thin-layering (PTL) in the borehole vicinity. A FTL-medium may 
look like a transversely isotropic medium for the long-wavelength 
part of the spectrum (VSP observations) yet, for shorter 
wavelengths (sonic observations) it may look like a succession of 
isotropic layers. These velocity fluctuations vary from ±10% to 
±15% about a mean velocity (Figure 2.16). Using Postma's (1955) 
formulae, I defined 3-layered homogeneous FTL-anisotropic models, 
representative of a regular periodic sequence of thin isotropic 
horizontal plane layers (Table 2.6). PTL-anisotropy is 
transversely isotropic with the symmetry axis normal to the layers 
(Bruggeman, 1935; Postma, 1955). The phase- and group-velocity 
variations for the three body waves, in homogeneous PTL-media, are 
shown in Figure 2.17. When the sequences of thin isotropic layers 
have velocity variations ±10% to ±15%, the equivalent homogeneous 
PTL-media have F- and shear-wave anisotropies $ = 2.0% to 4.4%, 
and 0 = 1.6% to 3.7%. These PTL-anisotropies are weak compared 
with the values exceeding 20% reported in other areas by Levin 
(1984). 
Shear-wave propagation through the PTL-model (schematically 
illustrated in Figure 2.18 (a)), reveals linear particle motion at 
all source offsets (Figure 2.19 (a)). Shear waves propagate along 
a vertical symmetry plane and since the model is azimuthally 
isotropic (no variation of properties with azimuth in the 
horizontal plane), shear waves are either polarized parallel, qSP, 
or at right-angles, qSR, to the symmetry plane (Figure 2.18 (b)). 
Since, for horizontally stratified fine-layering, all vertical 
planes are symmetry planes, then the qSP- and qSR-waves are 
polarized like SV- and SN-waves, respectively, in isotropic media, 
and are referred to as qSV- and qSH-waves ( Crampin, 1989b). This 
43 
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Figure 2.16 (a) Sonic velocities superimposed upon the I'- and 
shear-wave velocities of the isotropic 3-layered modelled. 
Alongside are the velocity variations with depth of four laminated 
isotropic media with velocities fluctuating by (b) ±5Z, (c) ±10%, 
(d) ±15%, and (e) ±20%. Velocities are tabulated in Table 2.6. 
Ui 
Percentage LAYER 1 LAYER 2 LAYER 3 
variations (0.0 - 0.8 km) (0.8 - 	1.8 km) (> 	1.8 	kin) 
of  
isotropic 0 a a 
velocities (km/s) (km/s) (km/s) (kin/s) (km/s) (km/s) 
ISOTROPIC 2.8 1.3 4.35 2.35 3.6 1.8 
2.66 1.235 4.133 2.233 3.42 1.71 
± SZ 2.94 1.365 4.564 2.468 3.78 1.89 
2.52 1.17 3.915 2.115 3.24 1.62 
± 10% 3.08 1.43 4.785 2.585 3.96 1.98 
2.38 1.105 3.698 1.998 3.06 1.53 
± 15% 3.22 1.495 5.003 2.703 4.14 2.07 
2.24 1.04 3.48 1.88 2.88 1.44 
± 20% 3.36 1.56 5.22 2.82 4.32 2.16 
Table 2.6 	P- and shear-wave velocities for different percentage 
variations of isotropic laminations. Values for three different 
depth ranges are tabulated. 
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Figure 2.17 Phase and group-velocity variations, in horizontally 
laminated PTL-media, for a quadrant of directions from vertical 
(0 1 ) to horizontal (90°). The four PTL-media are equivalent to 
composite media comprised of isotropic layers with velocities 
fluctuating by (a) ±5%, (b) ±10%, (c) ±15%, and (d) ±20%, about a 
mean isotropic velocity a = 4.35 km/s and 0 = 2.35 km/s (see 










Periodic thin-layered model 
SOUTH 
Figure 2.18 (a) Schematic section of 3-layered PTL-model. 
Equal-area projections for a hemisphere of directions display (b) 
qSI-wave polarizations, and (b) time delays between qSV- and 
qSH-waves, in milliseconds per kilometre. The shear-wave raypaths 
sampled for each offset and azimuth in Table 2.1 and Figure 2.12 
are shown as heavy bars. The inner circle represents the limit of 
the shear-wave window for surface observations. Equal-area 
projections are for the layer between 1100 in and 1800 in. See 
Appendix A for more details. 
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Figure 2.19 observed shear-wave POs (OPEN) compared with the 
synthetic response (BOXED) to shear-wave propagation through a 
3-layered PTL-model for synthetic sources oriented: (a) the same 
as the vibrators; (b) SV45°SH. 
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is a special case of anisotropy, and though the qSV- and qSH-waves 
may have similar polarizations to SV- and SN-waves in isotropic 
media, their general behaviour is quite different. Thus, the 
SB-waves generated by the surface sources propagate through the 
model and remain polarized qSH. 
The shear waves from the SO source propagate vertically close to 
the symmetry axis, where qSV- and qSH-waves propagate with the same 
velocity; and we observe the linear SV53°SH motion of the source. 
For a source orientation SV45°SH (Figure 2.19 (b)), the shear-waves 
propagating through the model split into qSV- and qSB-waves. From 
the near source offsets (SO, Si and S2) shear waves propagate at 
nearly vertical incidence, close to the symmetry axis, and no 
splitting is observed. At the far offsets (S3, S4 and S5), shear 
waves propagate at larger incidence angles, where the difference in 
qSV- and qSH-wave velocities is sufficient for the waves to 
separate in time (shear-wave splitting). Synthetic modelling 
clearly illustrates that PTL-anisotropy alone cannot account for 
the observed shear-wave motions. 
2.4.3 Anisotropic modelling: Lithological anisotropy 
The presence of shale in the Paris Basin (Figure 2.4) contributes 
to an additional anisotropy due to the effects of aligned grains 
(Kaarsberg, 1968). Backus (1962) found that there are stable 
homogeneous transversely isotropic materials which cannot be 
modelled by a stack of stable isotropic layers. This means that 
the lithological anisotropy of shale may differ from that of 
PTL-anisotropy. However, horizontally-aligned shale is azimuthally 
isotropic (transversely isotropic with a vertical symmetry axis) 
and thus (for the same reasons as PTL-anisotropy, previously 
demonstrated) shale cannot account for the observed shear-wave 
splitting along near-vertical raypaths. 
2.4.4 Anisotropic modelling: EDA-cracks 
EDA- (extensive-dilatancy anisotropy) cracks are aligned, by the 
in situ stress, perpendicular to the minimum compressive stress 
(Crampin and Atkinson, 1985). 1 would therefore expect the 
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EDA-cracks in the Paris Basin, to be aligned approximately vertical 
(dip of cracks, $ = 900), and in a NNW-SSE direction parallel to 
the maximum compressive stress (Froidevaux et al., 1980). With the 
symmetry axis being approximately horizontal, virtually all 
raypaths in the VSP (with incidence angles from 0° to -70°) should 
be affected by the EDA-anisotropy. 
Using Hudon's (1980, 1981) crack formulations, I define a model 
of vertically-aligned fluid-filled micro-cracks, with crack 
densities 0.024 (0 m to 1100 m) and 0.016 (beneath 1100 m), as 
interpreted from the data (see Table 2.3). The parameters and 
elastic constants for this model are listed in Tables 2.7 and 2.8 
respectively. I display, in Figure 2.20, synthetic PDs calculated 
for a 360° range of crack orientations (N-S, NE-SW, E-W, and 
NV-SE). The PDs displayed in Figure 2.20, for the model 
illustrated in Figure 2.21, indicate that the greatest similarity 
between observed and synthetic PDs is when cracks are aligned in a 
NW-SE direction. This agrees with ray previous interpretation of 
the observed shear-wave PDs. 
The shear-wave vibrator sources are modelled as horizontal point 
forces, which may be oriented at two possible angles, 8 or 
e + 180°. These two opposite source orientations result in 
opposite first-motions at the source and consequently the particle 
motions (displayed in PD5) appear rotated by 180°. The synthetic 
shear-waves from the near-offset source SO (see Figure 2.22) 
indicate that for two different models, with orthogonal crack 
alignments and opposite source orientations, the PD patterns appear 
similar at first sight, yet indicate distinct differences: (i) 
first motions (qSl-wave polarizations) are parallel to the strike 
of the cracks; (ii) the direction of the particle-motion rotation 
(clockwise or anticlockwise rotation) is determined by source 
orientation with respect to the preferred polarizations. This 
result highlights the possibility of erroneous interpretations when 
interpreting the subtle yet distinct motions of shear-wave 
splitting. 
Near-vertical propagation from near-offset sources is likely to 


















EJS24L1 800 Li 0.024 N45 0 w 90 0 
HS24L2 300 L2 0.024 N45°cj 90 0 
HS16L2 700 L2 0.016 N45 0 w 900 
HS16L3 Hal fspace L3 0.016 N45 0W 90° 
Table 2.7 Parameters of initial cracked model. The distributions 
of parallel, 9rtical (+ = 90°), saturated (p = 1000 kg/M3, 
A = 2.25 x 10 Pa., p = 0 Pa., ' = 0.01 Pa.f cracks have small 
dimensions (r = 0.001 In) and negli'ib1e aspect-ratios ('u? = 0.001).' These values represent 
1500 m/s. 	 a pore-fluid velocity of 
Note that the wavelengths of shear waves (A = 31f = 1300/20 
> 65 m) are much greater than the likely dimensions of the pores, 
microcracks, or fractures (1 mm to 1 in). 
For modelling purposes it is necessary that the source layer and 
bottom halfspace are isotropic (Taylor, 1988). I have omitted 
these layers in the model description below (and in other tables) 
since they are extremely thin or distant from the source, not to 
effect modelling. 
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H524L1 (0 m to 800 in) 
(1.1) (2.2) (3.3) (2.3) (13) (/2) 
(1.1) 	20.3655 
(2.2) 	11.5855 20.3780 
(3,3) 	11.5855 11.5900 20.3780 
(2,3) 0.0 0.0 0.0 4.3940 
(1.3) 	0.0 0.0 0.0 0.0 4.1800 
(1.2) 0.0 0.0 0.0 0.0 0.0 4.1800 
BS24L2 (800 in to 	1100 in) 
(7.1) (2.2) (3,3) (2.3) (1,3) (/2) 
(1,1) 	48.9036 
(2,2) 	20.3587 48.991 
(3,3) 	20.3587 20.3844 48.991 
(2.3) 0.0 0.0 0.0 14.3033 
(13) 	0.0 0.0 0.0 0.0 13.5648 
(1.2) 0.0 0.0 0.0 0.0 0.0 13.5643 
BS16L2 (1100 in to 	1800 in) 
(1 , 1) (2.2) (3,3) (2,3) (13) (1.2) 
(1,1) 	48.9388 
(2,2) 	20.3734 48.9971 
(3.3) 	20.3734 20.3905 48.9971 
(2,3) 0.0 0.0 0.0 14.3033 
(1.3) 	0.0 0.0 0.0 0.0 13.8067 
(1,2) 0.0 0.0 0.0 0.0 0.0 13.8067 
11S16L3 (below 1800 in) 
(/ , 1) (2,2) (3,3) (2,3) (1,3) (1.2) 
(1.1) 	33.6625 
(2.2) 	16.8312 33.6876 
(3.3) 	16.8312 16.8396 33.6876 
(2,3) 0.0 0.0 0.0 8.424 
(13) 	0.0 0.0 0.0 0.0 8.1410 
(12) 0.0 0.0 0.0 0.0 0.0 8.1410 
Table 2.8 Real parts of the elastic tensor, C. ,, (in Pa. x 10) 
for each layer of the initial cracked model. i4dée that the crack 
normals are aligned parallel to the x-axis. I have not listed the 
imaginary prts of the tensor, since they have values less than 








































Fgure 2.20 (a) Synthetic shear-wave PDs for cracks oriented 
north-south, with crack densities CI) = 0.024 (top 1100m) and 
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Figure 2.20 (b) Synthetic shear-wave PDs for cracks oriented 
southeast-northwest, with crack densities CD = 0.024 (top ilOOm) 




















Figure 2.20 (c) Synthetic shear-wave POs for cracks oriented 
east-west, with crack densities CD = 0.024 (top ilOOrn) and 
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Figure 2.20 (d) Synthetic shear-wave PDs for cracks oriented 
northeast-southwest, with crack densities CD = 0.024 (top llOOin) 
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Figure 2.21 (a) Schematic section of 3-layered EDA-model, with 
cracks aligned N45°W. For the layer between 1100 m and 1800 in I 
have displayed equal-area projections of (b) qS/-wave 
polarizations, and (c) time delays between qSP- and qSR-waves, in 
ms/km. The shear-wave raypaths sampled for each offset and azimuth 
in Table 2.1 and Figure 2.12 are shown as heavy bars. The inner 
circle represents the limit of the shear-wave window for surface 
observations. Equal-area projections are for the layer between 
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Figure 2.22 Shear-wave PDs for the near-offset source SO, for two 
different models with orthogonal crack alignments and opposite 
source orientations. (a) cracks N45°W, source N162°E; (b) cracks 
N45°E, source N342°E; (c) cracks N45°E, source N162 1E; (d) cracks 
N45°W, source N342 0E. Arrowheads indicate direction of 
first-motion (qS!-wave polarization) parallel to the strike of the 
cracks. Arrows beneath PD columns indicate direction of first 
motion of the source at the surface. 
than from the wide offsets, since EDA-cracks are expected to align 
vertically at depth (Crampin, 1988c), and consequently the delays 
between qS/- and q52-waves are greatest for vertical raypaths 
(Crampin, 1981). In the search for preferred crack orientations, I 
have found that several combinations of model parameters can match 
particle motions at one offset, yet these combination of parameters 
cannot (or only approximately) match particle motions at other 
offsets. For a simple source and geophone geometry (for example, a 
single source offset or a single geophone depth), the inversion for 
an anisotropic model is non-unique. However, the 6 offset sources 
(at different azimuths and offsets) and 64 geophone depths provide 
a large number of different raypaths through the Earth and limit 
the combinations of model parameters. 
Figure 2.23 shows the synthetic FDs from the near-offset sources 
SO and Si, for a range of crack orientations in the NW/SE quadrants 
(N90°W < e < NO°W). For each of these offsets a different crack 
orientation best matches the observed PDs with synthetic PDs, but 
for cracks oriented N30 1W synthetic PDs for both offsets match 
reasonably well the observed PDs. A change of 5° in crack 
orientation is sufficient to create a noticeable change in PDs. 
These results suggest a preferred crack orientation N30°W ± 5 0 . 
Having established a preferred crack orientation of 
o
C. 
= N30°W + 5°, I now revise the crack densities of the initial 
- 
model. In order to determine the crack densities beneath 1 km, the 
crack density above 1 km must be known, thus the uncertainty in 
crack density accumulates with depth. I display in Figure 2.24, PDs 
for a range of models with crack densities taken to the limits 
imposed from my analysis in Section 2.3.3. Figure 2.24 indicates 
that the observed SO and Si PDs cannot be modelled for crack 
densities, in the top 1100 m, greater than the mean value 
(CD = 0.024). For a large crack density (0.028) in the top 1100 m, 
the synthetic shear-wave delays are larger than those observed. 
Decreasing the crack density, from 0.024 to 0.021 in the top 
kilometre, slightly improves the match between synthetic and 
observed Si PDs yet, degrades the match for SO PDs. Further 
reducing the crack density in the top 1100 m to CD = 0.005 and 
increasing the crack density beneath 1100 m to CD = 0.04, 
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Figure 2.24 Synthetic shear-wave PDs for SO and Si VSPs for models 
with cracks striking N30°V and a range of crack densities above 
1100 m: (a) lower limit of crack density (CD = 0.02); (b) mean 
crack density (CD = 0.024); (c) upper limit of crack density 
(CD = 0.028). For each range of crack density above 1100 in, (a), 
(b) and (c), there is a range of crack densities beneath 1100 in: 
low CD = 0.011, mean CD = 0.016, and high CD = 0.021. These ranges 
of crack density are equal to the upper and lower uncertainty 
limits: CD = 0.024 ± 0.004 (0 in to 1100 m) and CD = 0.016 ± 0.005 
(beneath 1100 m). 
considerably improves the match for Si FDs, yet SO PDs are a poor 
match (see Figure 2.25). I have not quantitatively measured the 
observed shear-wave delays at 1100 m from the Si source (the delay 
is not clear from ?Ds), however, these modelling results suggest 
that the shear waves from the Si. offset have smaller delays than 
those from the 50 offset. 
For thesecrack densities and orientations it is comparatively 
easy to match synthetic and observed PUs at offsets S3, S4 and S5. 
This is because the vertically aligned cracks have a greater effect 
on the near-vertical raypaths from sources SO, Si and S2. 
2.4.5 Improved crack model 
The particle motions of synthetic shear-waves, propagating 
through a model consisting of vertically-aligned cracks striking 
N30°W (Figure 2.26) with mean crack-densities 0.024 (above 1100 m) 
and 0.016 (below 1100 m), closely match the observed motions. Note 
that these are mean crack-densities and that crack densities may 
vary with depth. Observed shear-wave PDs motions for the six 
offsets are displayed in Figure 2.27, alongside particle motions 
for the improved crack model with parameters in Table 2.9. Though 
I have shown that other models can match better the PUs patterns 
for certain raypaths, this model approximately matches the detailed 
motions for all raypaths. I therefore suggest that this improved 
crack model is a better model, since separate models, for different 
sets of raypaths, imply anisotropic inhomogeneity. 
The characteristic particle motions observed at each offset are 
in general well matched by the synthetic particle motions. 
Exceptions where synthetic particle motions do not match observed 
particle motions occur for the shallow geophones at Si, the deeper 
geophones at S3 and the widest offset S5. The synthetic motions 
for the three shallower geophones at Si are oriented approximately 
30° different in overall alignment from the observed patterns, 
although the deeper geophones are well matched. The observed 
particle motion patterns at S3 range from nearly linear 
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Figure 2.25 Synthetic shear-wave PDs (BOXED) from offsets SO and 
Si for shear-waves propagating through a model with vertical cracks 
striking N35°W and crack densities, CD = 0.005 (top 1100 m) and 
CD = 0.04 (below 1100 in). 
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Figure 2.26 (a) Schematic section of 3-layered EDA-mode]., with 
cracks aligned N30 0W. Equal-area projections of (b) qS/-wave 
polarizations, and (c) time delays between qSP- and qSR-waves, in 
ms/km. The shear-wave raypaths sampled for each offset and azimuth 
in Table 2.1 and Figure 2.12 are shown as heavy bars. The inner 
circle represents the limit of the shear-wave window for surface 
observations. Equal-area projections are for the layer between 
1100 m and 1800 m. See Appendix A for more details. 
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Figure 2.27 Synthetic shear-wave PDs (BOXED) for piopagation 
through a model with crack striking t430°.I and crack densities 
CD = 0.024 (top ilOOm) and CD = 0.016 (below 1100 m). Model 


















HS24L1 800 Li 0.024 N30°W 90 0 
HS24L2 300 L2 0.024 N30°W 900 
HS16L2 700 L2 0.016 N30°W 90 0 
HS16L3 Halfspace L3 0.016 N30°W 90 0 
Table 2.9 Parameters of improved crack model. The distributions 
of parallel, vrtical (4, = 90 0 ), saturated (p = 1000 kg/rn 3 , 
X = 2.25 x 10 Pa., u = 0 Pa., v = 0.01 Pa.) cracks have small 
dimensions (r = 0.001 in) and negliible aspect-ratios 
(AR = 0.001).' Elastic constants are given in Table 2.8. 
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polarization in a ENE direction at the shallower geophones, through 
elliptical motion, to nearly linear motion in a ESE direction at 
the deeper geophones. Synthetic particle motions show a behaviour 
similar to the observed patterns at the shallow and intermediate 
depth geophones, yet fail to model the patterns observed for deeper 
geophones. 
The other.VSPs are reasonably well matched, and only minor 
differences exist. Synthetic SO PDs are less elliptical than the 
observed motions, yet match well the delays. Synthetic S2 PDs have 
a smaller delay than the observed motions. Observed particle motion 
patterns for S5 show much scatter, and it is probable that for such 
wide offsets (large incidence angles) the shear waves are affected 
by inernal reflections off interfaces. 
The removal (or minimization) of the principal anomalies (misfits 
between observed and synthetic shear-wave motions down the Si and 
S3 profiles) forms the basis for my research presented in the 
following Chapters. There are many factors which affect the 
shear-wave particle motions displayed in PDs (see Table 2.10). To 
determine what factors are responsible for the anomalous observed 
motions, I have systematically investigated, one by one, each of 
these factors in later Chapters. 
2.5 Summary 
From the analysis of the zero-offset shear-wave particle motions 
displayed in PDs, I estimate approximate values for crack 
orientation and crack density which I use to define an initial 
cracked model. By modelling with synthetic seismograms, I have 
subsequently revised this starting model to obtain an improved 
Earth model. The synthetic shear-wave PD patterns match all the 
essential characteristics of the observed patterns for propagation 
through a simple structure containing aligned liquid-filled pores 
or microcracks. The strike of the cracks is N30°W ± 50, and the 
mean crack density in the upper 1100 m is 0.024 ± 0.004. The crack 




Asymmetric instrument coupling with borehole wall 
3-C reorientation 
Relative gain of each geophone element 
Modal resonances 
Electrical and acoustic interference transmitted along cable 
Source Parameters 
Offset and azimuth from well-head 
Dominant frequency and shape of the emitted wavelet 
Polarization of emitted wavelet 
Harmonic distortion 
Coupling of the vibrator baseplate to the ground 
Rock Matrix Parameters 
Low velocity layer 
ratio 




Crack orientation - vertical, dip, strike 
Crack density 
Crack geometry - parallel, random, multiplanar, gaussian 
Crack aspect-ratio 
Pore fluid - gas, liquid (velocity, viscosity, degree of 
saturation), behaviour at high temperatures and pressures 
Other forms of anisotropy 
Lithogical anisotropy 
Periodic thin-layer anisotropy 
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Table 2.10 Some factors affecting PDs 
The comparatively small changes in the model parameters between 
the initial model (interpreted from analysing PDs) and the improved 
model (obtained by modelling with synthetic seismograms) suggest: 
analysis of shear-wave PDs (for near-vertical propagation 
paths) can provide useful results of delays and polarizations; 
shear-wave splitting is very sensitive to small changes of 
rock properties. 
This analysis, first reported in Bush and Crampin (1986) and 
Crampin et al., (1986a), represents the first quantitative 
demonstration of WA-cracks in a sedimentary basin, although 
shear-wave splitting had been recognised in other VSPs (Cranipin and 
Bush, 1986). Previously, seismic evidence for WA-cracks was 
confined to shear-wave splitting along raypaths above small 
earthquakes in regions of active tectonics. 
CHAPTER 3 
THE EFFECTS OF SOURCE AND RECEIVER ON THE 3-D WAVEFIELD 
3.1 Introduction 
Polarization diagrams are very sensitive to small amplitude and 
phase changes in the recorded seismic signature, and thus small 
differences in rock, source or receiver properties can cause 
significant changes in the observed particle motions. The 
resolution of rock properties is limited by the accuracy of the 
recording. Hence, the primary step in shear-wave analysis requires 
a determination of how source and receiver affect shear-wave 
motions and limit their interpretation. In other words, what is 
the maximum tolerable error in source and receiver and how do such 
errors affect 3-C data? Having eliminated, or discounted, the 
source and receiver effects, seismograms may be analysed and 
interpreted for the Earth's internal structure. 
I study the properties of the source and the receiver, in order 
to assess whether anomalous observed motions are an indication of a 
real subsurface geological condition, or an artefact of the 
recording or processing procedures (for example, poor reorientation 
of the horizontal geophone elements). I conclude that the observed 
particle motion changes, in the 53 VSP, cannot be explained in 
terms of source or receiver effects and must be in response to a 
real subsurface geological condition. The observed changes in the 
Si VSP are small, yet they are significantly greater than the 
effects introduced by the source or receiver. A change of vibrator 
position could account for the anomalous motions recorded in the Si 
VSP, but there is no evidence to support this. 
3.2 Source parameters 
Shear-wave polarizations and delays are unaffected by the source 
properties, however, the total wavefield (3-D shear-wave motions) 
is affected by the source. Therefore, automated techniques 
50 
designed specifically to extract only polarization and delays (not 
the relative shear-wave amplitudes) are comparatively insensitive 
to the source, whereas polarization diagrams, which display the 
total wavefield, are sensitive to the source. 
3.2.1 Harmonic distortion 
Harmonic distortion has often been observed in land seismic 
operations utilizing a frequency-modulated mechanical vibrator as a 
surface source (Seriff and Kim, 1970). Distortion can originate 
from hydraulic and mechanical elements of vibrators as well as the 
Earth's non-linear reaction to baseplate forces. 
A vibrator generates a distorted signal consisting of the 
required (fundamental) frequencies, their higher harmonics and 
noise as it progresses through a sweep. The correlation of the 
recorded data with the pilot sweep (the desired fundamental signal) 
results in shot records similar to those obtained by using an 
impulsive source, except that the harmonics generated at the source 
introduce ghost events which arrive at different times from their 
primaries. For downsweeps, progressing from high to low 
frequencies, harmonic ghosts appear later than their primary events 
and may obscure the generally lower amplitude primary events 
arriving at that later time. For upsweeps, progressing from low to 
high frequencies, harmonic ghosts appear earlier than their primary 
events and are usually obscured by the generally higher amplitude 
events arriving earlier on the seismic record. Ghosts have less 
effect on the quality of real data on correlated seismic records 
from upsweeps than from downsweeps. Consequently, upsweeps are 
usually preferred to downsweeps in seismic surveys. Harmonic 
ghosts on the correlated land seismic record can be avoided by 
careful selection of the sweep parameters (Seriff and Kim, 1970). 
CGG recorded the Paris Basin shear-wave VSPs for upsweeps (from 
7 Hz to 80 Hz), and therefore any harmonic ghosts in the data would 
appear as forerunners to the main events (Seriff and Kim, 1970). 
The observed seismograms (Figure 2.7) do not indicate evidence for 
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ghosts (compare with Figure 8 in Seriff and Kim (1970)), so I 
suggest that harmonic distortion has not affected the Paris Basin 
data. 
3.2.2 Source orientation 
Compass measurements of the vibrator baseplate orientation are 
accurate within a few degrees (±5° is the probable error) 
(S. Nicoletis, personal communication). Rotating the source 
orientation does not alter shear-wave polarizations or delays 
(since these are determined by the direction of propagation 
relative to the anisotropic symmetry axis) , but changes the 
relative amplitudes of split shear-waves. Figure 3.1 indicates 
that if the surface source orientations are greater than 5 0 in 
error, this cannot account for the anomalous shear-wave motions 
recorded in the Si and S3 VSPs. The direction of the surface 
source orientation affects predominantly the near-offset 1SFs (see 
Figure 3.1). The match between synthetic and observed PDs, for the 
SO VSP, is improved by rotating the source by +20 0 . The change in 
shear-wave motion seen in the Si VSP could be interpreted as a 
change of source orientation during the VSP run, yet, this 
interpretation would suggest a -40° rotation of the source. It is 
unlikely (though not impossible) that there is significant error in 
the source orientation. The shear-wave vibrators were not moved 
during the recording of a VSP (S. Nicoletis, personal 
communication), suggesting that the Si observations are unlikely to 
be due to a change of the source orientation. The bottom 
geophones, for the 53 VSP, indicate that with the synthetic source 
oriented -20° there is a minor improvement in the match with the 
observed motions. These results suggest that the recorded 
shear-wave motions are affected by source orientations rotated by 
±20 ° , but for small rotations (±5 ° ) the motions are little 
affected. The effect of the source orientation on the amplitudes 
of the qSJ- and qS2-waves may be calculated from the trigonometric 
relationship of the source orientation relative to the qS/- and 
qS2-wave polarizations. For a source oriented 45 1 between the two 
polarizations, a 5° rotation of the source causes an 8% change in 
the absolute amplitude of both waves and a 16% change in their 
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Figure 3.1 Comparison of the observed shear-wave PDs (OPEN) with 
synthetic PDs (BOXED) for source orientations rotated by: 	200 , 
-10 0 , 00, +10°, +20° with respect to the vibrator orientation. 
Shear waves propagate through distributions of cracks vertically 
aligned N30 1W with crack densities CD = 0.024 in the top 1100 ni and 
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Figure 3.1 Comparison of the observed shear-wave PUs (OPEN) with 
synthetic PUs (BOXED) for source orientations rotated by: _200, 
-10 0 , 0 0 , + 100, +20 0 with respect to the vibrator orientation. 
Shear waves propagate through distributions of cracks vertically 
aligned N30°W with crack densities CD = 0.024 in the top 1100 in and 
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Figure 3.1 Comparison of the observed shear-wave PDs (OPEN) with 
synthetic PDs (BOXED) for source orientations rotated by: -20°, 
_lO, 00, +10 0 , +20° with respect to the vibrator orientation. 
Shear waves propagate through distributions of cracks vertically 
aligned N30°W with crack densities CD = 0.024 in the top 1100 m and 
CD = 0.016 below 1100 m (see Table 2.8). (e) S4 VSP; (f) 55 VSP. 
relative shear-wave amplitudes, the source orientation must be 
accurate within ±2 ° . In other words, if the vibrator orientation 
changes by more than ±2 1 during the recording of a VSP, it may not 
be possible to distinguish a 10% change in the relative shear-wave 
amplitude. 
3.2.3 Source Wavefield 
Different source coupling with the Earth changes the emitted 
source wavelet and may consequently alter the recorded shear-wave 
PDs. I examine whether the observed PDs can be modelled by changes 
of source wavelet. Shear-wave vibrators are extremely repeatable 
sources in VSP studies because they usually do not move. However, 
vibrators are known to disturb the surface beneath their baseplate 
and, after several runs (frequency sweeps), the shear-wave 
radiation pattern may gradually change. Each time the shear-wave 
vibrator is moved, the elastic parameters of the Earth at the new 
location are possibly different. Consequently, different 
mechanical coupling exists, and the wavelet created at the new 
location differs from any previously generated (Hardage, 1985). 
Furthermore, poor coupling of the baseplate to the ground can 
introduce phase problems. The phase and amplitude characteristics 
of vibrators have recently been studied by numerous investigators 
(for example, Lerwill, 1981; Edelmann, 1982; Sallas, 1984). 
Sallas shows that for different vibrator ground-force output-levels 
there is a phase lag between the P-wave wavelets produced. 
Previously I modelled synthetic seismograms with an asymmetric 
pulse function, and I now compare a variety of asymmetric and 
symmetric (zero-phase) wavelets (Figure 3.2) with the observed 
seismograms. The symmetric and asymmetric wavelets are defined by 
the functions 
F (t) = exp (2itft/tO cos (211,) 
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and 
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Figure 3.2 (a) Time-domain comparison of symmetric and asymmetric 
wavelets. The symmetric and asymmetric wavelets are defined by the 
functions F (I) = exp (2mft/d) cos (2itt) and 
F (,) = exp (2ftft/ sin (2rir) respectively. The frequency, 
f = 20 Hz, and the damping factor d (which is approximately equal 
to the number of half cycles) has values values from 4 to 8. 
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Figure 3.2 (b) Frequency-domain comparison of symmetric and 
asymmetric wavelets. The symmetric and asymmetric wavelets are 
defined by the functions F (U = exp (2n1/cO cos (2mt) and 
F (r) = exp (2rcfzld)  sin (21w) respectively. The frequency, 
f = 20 Hz, and the damping factor d (which is approximately equal 
to the number of half cycles) has values values from 4 to 8. 
respectively. The PDs in Figure 3.3 display the shear-wave motions 
for different wavelets and indicate that the observed motions 
cannot be modelled with symmetric wavelets. ?Ds are sensitive to 
the number of half-cycles in the shear wavelet, and Figure 3.3 
shows that an additional half-cycle causes a comparatively small 
change in the particle motion. However, additional complete cycles 
in the wavelet significantly change the shear-wave motions. These 
results indicate the sensitivity of PDs to different source 
wavelets. 
For a given time-delay between split shear-waves, the relative 
phase-delay changes for different frequencies, that is, at higher 
frequencies the relative phase-delay increases and at lower 
frequencies it decreases. The spectral analysis of the observed 
shear-wave arrivals indicates that the dominant frequency is 
20 ± 2 Hz) at all offsets, and that higher frequencies contribute 
little to the nature of the seismograms. Figure 3.4 indicates that 
a change of 2Hz in the source frequency changes the observed 
shear-wave motions. 
Figure 3.5 displays PDs for a wavelet derived from the observed 
seismograms. This observed wavelet (see Figure 3.6) is an average 
of the top 6 geophones from the Si VSP, rotated by _300  into the 
direction of the expected qS2-wave polarizations, assuming that 
EDA-cracks are vertically aligned N30°V. There is no fundamental 
improvement, from previous modelling, by using this observed 
wavelet. The problem with using an observed wavelet (recorded at 
depth), to represent the source wavelet (at surface), is that there 
are considerable variations between the wavelets at different 
depths for different VSPs (see Figure 2.7). These different 
motions are in response to the rock properties and it is therefore 
difficult to establish the original source wavelet. Synthetic 
pulse functions provide a suitable representation of the source 
wavelet. 	 - 
In summary, the synthetic shear-wave PDs are very sensitive to 
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Figure 3.3 (a) Comparison of the observed shear-wave POs (OPEN) 
from the SO VSP, with synthetic PDs (BOXED) for a symmetric wavelet 
(top diagrams) and asymmetric wavelets (bottom diagrams). The 
symmetric and asymmetric wavelets are defined by the functions 
F (i) = exp ( 2 ltft/d) cos (2rtr) and F (fl= exp (2nft/d) sin (2ar) 
respectively. The frequency, f = 20 Hz, and the damping factor d 
(which is approximately equal to the number of half cycles) has 
values values from 4 to 8. Shear waves propagate through 
distributions of cracks vertically aligned N30°W with crack 
densities CD = 0.024 in the top 1100 m and CD = 0.016 below 1100 m 
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Figure 3.3 (b) Comparison of the observed shear-wave POs (OPEN) 
from the Si VSP, with synthetic PDs (BOXED) for a symmetric wavelet 
(top diagrams) and asymmetric wavelets (bottom diagrams). The 
symmetric and asymmetric wavelets are defined by the functions 
F (t) = exp (2itfrld) cos (2nx) and F (t) = exp (2nfud) sin (2mt) 
respectively. The frequency, f = 20 Hz, and the damping factor d 
(which is approximately equal to the number of half cycles) has 
values values from 4 to 8. Shear waves propagate through 
distributions of cracks vertically aligned N30°W with crack 
densities CD = 0.024 in the top 1100 m and CD = 0.016 below 1100 ni 
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Figure 3.3 (c) Comparison of the observed shear-wave PDs (OPEN) 
from the S2 VSP, with synthetic PDs (BOXED) for a symmetric wavelet 
(top diagrams) and asymmetric wavelets (bottom diagrams). The 
symmetric and asymmetric wavelets are defined by the functions 
F (t) = exp (2rrft/a) cos (2a,) and F (0= exp (2n1t/cO sin (2itt) 
respectively. The frequency, f = 20 Hz, and the damping factor d 
(which is approximately equal to the number of half cycles) has 
values values from 4 to B. Shear waves propagate through 
distributions of cracks vertically aligned N30°W with crack 
densities CD = 0.024 in the top 1100 m and CD = 0.016 below 1100 m 
(see Table 2.8). 
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Figure 3.3 (d) Comparison of the observed shear-wave PDs (OPEN) 
from the S3 VSP, with synthetic PDs (BOXED) for a symmetric wavelet 
(top diagrams) and asymmetric wavelets (bottom diagrams). The 
symmetric and asymmetric wavelets are defined by the functions 
F (t) = exp (2tfUa) cos (Zitt) and F (t) = exp (2Jtj'i/d) sin (2rti) 
respectively. The frequency, f = 20 Hz, and the damping factor ci 
(which is approximately equal to the number of half cycles) has 
values values from 4 to 8. Shear waves propagate through 
distributions of cracks vertically aligned N30°W with crack 
densities CD = 0.024 in the top 1100 ni and CD = 0.016 below 1100 in 
(see Table 2.8). 
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Figure 3.3 (e) Comparison of the observed shear-wave PDs (OPEN) 
from the 54 VSP, with synthetic PDs (BOXED) for a symmetric wavelet 
(top diagrams) and asymmetric wavelets (bottom diagrams). The 
symmetric and asymmetric wavelets are defined by the functions 
F (I) = exp (2tft/d) cos (2itt) and F (t) = exp (2nfr/d) sin (2itt) 
respectively. The frequency, f = 20 Hz, and the damping factor ci 
(which is approximately equal to the number of half cycles) has 
values values from 4 to 8. Shear waves propagate through 
distributions of cracks vertically aligned N30°W with crack 
densities CD = 0.024 in the top 1100 m and CD = 0.016 below 1100 rn 
(see Table 2.8). 
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Figure 3.3 (f) Comparison of the observed shear-wave PDs (OPEN) 
from the S5 VSP, with the synthetic PDs (BOXED) for a symmetric 
wavelet (top diagrams) and asymmetric wavelets (bottom diagrams). 
The symmetric and asymmetric wavelets are defined by the functions 
F (t) = exp (2gftld) cos (2rr,) and F (r) = exp (Zaft/d) sin (2it,) 
respectively. The frequency, f = 20 Hz, and the damping factor d 
(which is approximately equal to the number of half cycles) has 
values values from 4 to 8. Shear waves propagate through 
distributions of cracks vertically aligned N30°W with crack 
densities CD = 0.024 in the top 1100 m and CD = 0.016 below 1100 in 
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Figure 3.4 Comparison of the observed shear-wave PDs (OPEN) with 
synthetic PDs (BOXED) for different source frequencies. Shear 
waves propagate through distributions of cracks vertically aligned 
N30°W with crack densities CD = 0.024 in the top 1100 m and 
CD = 0.016 below 1100 in (see Table 2.8). (a) SO VSP; (b) Si VSP. 
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Figure 3.4 Comparison of the observed shear-wave PDs (OPEN) with 
synthetic PDs (BOXED) for different source frequencies. Shear 
waves propagate through distributions of cracks vertically aligned 
N30°W with crack densities CD = 0.024 in the top 1100 m and 
CD = 0.016 below 1100 m (see Table 2.8). (c) 52 VSP; (d) S3 VSP. 
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Figure 3.4 Comparison of the observed shear-wave PDs (OPEN) with 
synthetic PDs (BOXED) for different source frequencies. Shear 
waves propagate through distributions of cracks vertically aligned 
N30°W with crack densities CD = 0.024 in the top 1100 ni and 
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Figure 3.5 Comparison of the observed shear-wave PDs (OPEN) with 
synthetic PDs (BOXED) for a wavelet derived from observed 
seismograms (see Figure 3.6). Shear waves propagate through 
distributions of cracks vertically aligned N30°lJ with crack 
densities CD = 0.024 in the top 1100 m and CL) = 0.016 below 1100 m 
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Figure 3.6 (a) Observed seismograms for top 6 geophones of Si VSP 
rotated by -30 0 . ( b) Wavelet averaged over 220 ms from the onset 
of each shear wave. (c) Amplitude versus frequency plot of the 
mean observed pulse. 
explain the Si and 53 anomalies. 
3.3 Receiver parameters 
Ideally we would wish to have a geophone buried deep within the 
Earth, with impedance and elastic properties matching those of the 
surrounding rock. The geophone should have no undesired internal 
resonance and must be well coupled to the Earth, with the resonant 
frequency of the geophone-ground coupling system significantly 
outside the seismic band of interest. However, in a VSP 
configuration there may be additional factors which could distort 
the data and lead to false interpretation. Signal contamination 
may result from mechanical and electrical noise, cable noise, wind 
noise, tube waves, insufficient geophone coupling and casing string 
resonance (Gilpatrick and Fouquet, 1989). I study the effect on 
shear-wave motions caused by the placing of the 3-C receiver inside 
the borehole. 
3.3.1 Borehole effects 
It has been found that for the typical applications of the 
conventional VSP method (in the frequency range below 100 Hz), 
borehole effects are insignificant and lead to amplitude errors 
below 1% (Balch and Lee, 1984; Schoenberg 1986; Lee 1987). That 
is to say, the body waveforms recorded inside the borehole, using a 
wall-locking seismic detector, are similar to those that would be 
recorded in the absence of the hole. Thus, borehole effects may be 
disregarded. 
3.3.2 Sonde coupling to borehole vail 
Published borehole data establish that there is no difference in 
the response recorded by a wall-locked geophone in an open hole and 
in a cemented cased hole (van Sandt and Levin, 1963). This of 
course depends upon the quality of the cement bond between the 
casing and the rock formation. A poor cement bond can be seen in 
VSP data as a ringing of the horizontal geophones, while the 
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vertical geophone output displays good data. This is caused by the 
horizontal motion of the horizontally unconstrained casing. The 
vertical data are good because the casing is fixed in the vertical 
direction (Balch and Lee, 1984). 
The coupling of a geophone sonde in the borehole forms a darned 
oscillatory system. A well coupled geophone will have a short 
duration highly damped output, while a poorly coupled one will 
display a higher amplitude, long duration ringing response (Kennet 
and Ireson, 1985). When there is a relative motion between the 
tool and the borehole wall, a detector-ground coupling problem 
exists, and as a consequence, the recorded seismic signal does not 
represent true ground motion. In the VSP environment, especially 
in an open hole, detector-ground coupling problems arise when the 
tool is coupled to a rough borehole wall, is in contact with a 
viscous mudcake or is coupled to a medium of low elastic constants. 
In any of these cases, the coupling problem can vary unpredictably 
from one depth level to another. In the cased hole, rock fragments 
trapped between the tool and the casing, or resonances of the tool 
itself, can also produce coupling problems. This 
sonde-to-formation coupling has been viewed as the major cause of 
acoustical problems in downhole seismic tools (Gaiser et al., 
1988). Several theoretical studies of coupling phenomena have been 
published (for example, Lamer, 1970; Beydoun, 1984; Wuenschel, 
1976, 1988). 
Wuenschel (1988) demonstrates that a damped tool with a coupling 
resonance in the seismic frequency band is also sensitive to tube 
waves. From this observation, Wuenschel suggests that if a VSP 
tool is sensitive to tube waves, then the body waves recorded with 
that tool do not represent true ground motion. The vertical 
component of the Si shear-wave VSP (Figure 2.7 in Chapter 2) 
indicates a weak tube wave (Stoneley wave travelling along the 
borehole/fluid interface) with a characteristic very low velocity 
-1500 m/s (Hardage, 1981). Figure 2 of Wuenschel 1 (1988) shows the 
main arrival and the tube wave with similar amplitudes, however, 
the tube wave amplitude on the vertical component of the Si VSP is 
considerably smaller than the shear-wave amplitude. This could 
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indicate that the coupling between tool and borehole wall is not a 
significant problem. 
3.3.3 Asymmetric receiver response 
Montmollin (1988) compares the theoretical shaker-tool-formation 
system response to that actually recorded with a real tool. 
Montmollin finds that the horizontal tool axes and, chiefly, the 
horizontal axis normal to the anchoring arm, are very sensitive to 
borehole conditions and, more generally, to tool-formation contact 
geometry. A different response of the horizontal components, 
parallel and perpendicular to the locking arm, may thus cause a 
directivity behaviour, resulting in an asymmetric tool response. 
An additional cause of an asymmetric tool response may arise from 
the different response of the horizontal components when tilted out 
of the horizontal plane. 3-C tools are typically designed with a 
vertical geophone-component oriented along the axis of the tool and 
two horizontal geophone-components, specifically calibrated for 
measurements in the horizontal plane. If these horizontal 
components are tilted out of the horizontal plane, they are no 
longer correctly calibrated and may result in an asymmetric tool 
response, where the recorded signals may not be a proper record of 
the incident wave motion. Note that, for the frequency range used 
in VSP experiments, the position of the tool against the borehole 
wall makes no difference on the recorded waveform (Blair, 1982, 
1984). Naville (personal communication) suggests that the CGG 
Géolock tool , used for the recording of the Paris Basin VSP data, 
has an asymmetric response. If this is so, how does this affect 
the shear-wave motions? 
I display in Figure 3.7 the geophone-tool-arm orientations for 
each shear-wave 'ISP (listed in Table 3.1). If the observed change 
in Si PDs is due to the directivity behaviour of the tool, I would 
expect to see a change of the tool orientation at a depth which 
coincides with the change in Si motions. S4A and S4B VSPs are 
useful for comparing the tool behaviour, since the repeated 
observations may be compared for different tool-arm orientations 
and coupling conditions. Figure 3.7 indicates that the 
geophone-tool-arm has similar orientations for different 'ISP runs. 
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Figure 3.1 Dowrihole geographical orientations of geophone-tool-arm 
for each shear-wave VSP. 
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Table 3.1 (a) Downhole tool-arm orientations for each VSP run. 
Geophorie depths: 1100 in to 1565 m. Angles are in GRADIMS 
measured from south with +ve angles towards east. 
DEPTH 
(in) 
SO Si S2 S3 S4A S4B 55 
1580 -90 -205 -296 -245 -214 -241 -217 1595 -61 -184 -231 -219 -213 -217 -260 1610 -148 -139 -182 -236 -255 -218 -181 1625 -117 -195 -61 -179 -166 -116 -180 1640 -182. -237 -56 -193 -207 -242 -166 1655 -154 -152 -66 -168 -248 -174 -164 1670 -151 -226 -39 -185 -210 -172 -15 1685 -148 -170 -233 -205 -213 38 -209 1700 -204 -226 -208 -213 -254 -203 -209 1715 -197 -174 -190 -190 -182 -235 -208 1730 -173 -218 -201 -188 -213 -208 -224 1745 -143 -161 -171 -150 . -145 -152 -184 1760 -119 -152 -139 -120 -123 -137 -162 1775 -118 -143 -122 -103 -130 -122 -147 1790 -123 -138 -122 -107 -94 -118 -145 1805 -126 -122 -119 -111 -109 -121 -139 1820 -125 -125 -115 -108 -121 -112 -129 1835 -124 -84 -119 -105 -128 -112 -139 1850 -135 -122 -119 -79 -134 -115 -139 1865 -138 -127 -76 -82 -134 -103 -143 1880 -143 -131 -129 -95 -140 -109 -146 1895 -140 -147 -119 -102 -142 -98 -158 1910 -161 -147 -129 -127 -153 -155 -171 1925 -178 -147 -137 -116 -152 -99 -166 1940 -179 -161 -138 -133 -170 -94 -158 1955 -180 -171 -142 -124 -174 -108 -169 1970 -176 -155 -173 -129 -164 -97 -162 1985 -165 -171 -130 -130 -178 -283 -173 2000 -223 -152 -86 -118 -162 -101 -140 2015 -108 -139 -143 -122 -143 -118 -152 2030 -180 -161 -134 -75 -164 -103 -159 2045 -1 -147 -139 -77 -159 -89 -139 2060 -106 -85 -92 -164 -102 -117 -113 
Table 3.1 (b) Downhole tool-arm orientations for each 1SP run. 
Geophone depths: 1580 m to 2060 in. Angles are in GRADIANS 
measured from south with +ve angles towards east. 
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Two possible mechanisms orienting the tool are: (i) the borehole 
casing may be elliptical due to external stresses acting on its 
sides, causing the tool arm to preferentially orient along the long 
axis of an elliptical borehole; (ii) the borehole may be slightly 
deviated from the vertical (for example, < 2°) and gravity is 
causing the tool to rest on one side of the borehole. Figure 3.7 
indicates three distinct tool-arm orientations, as the geophone 
depth increases, suggesting a possible change of conditions down 
the borehole. From the above ideas, one could interpret this as 
changes of stress down the borehole, or changes of borehole 
deviation. I suggest that borehole deviation is a more likely 
cause, rather than changes of stress orientation, since abrupt and 
significant changes of stress orientation over such short distances 
are unlikely to occur. A slight borehole deviation could tilt the 
horizontal components and possibly give rise to an asymmetric 
tool-response. However, I do not have borehole deviation data with 
which I could support these data. 
Comparison of the tool-arm orientations in Figure 3.7 (listed in 
Table 3.1) with the particle-motion orientations in Figure 3.8 
(listed in Table 3.2), suggests that there is no definite 
relationship between the two. Any change seen in the Si VSP would 
also be seen in the other VSPs, if an asymmetric tool-response were 
the cause of the polarization change. A feature common to all the 
VSPs is the steady and gradual rotation of orientation of the 
particle-motion ellipse between 1475 m and 1580 m. This could be 
in response to the subsurface geology or it could be related to 
tool asymmetry. The tool orientation between these depths is 
relatively constant (between east and northeast), suggesting that 
this change of particle-motion orientation is not due to the tool 
orientation and is not indicative of tool asymmetry. 
I would expect a tool asymmetry to show itself in the data by 
causing PDs, for similar (parallel) tool-arm orientations, to 
differ from PDs for dissimilar (orthogonal) tool-arm orientations. 
From the tool-arm orientations listed in Table 3.1 I have selected 
geophone depths for which the tool-arms of the two 54 VSPs are 
oriented: (i) within 100 of parallel; (ii) within 300 of 
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Figure 3.8 Major-axis orientation of the particle motion ellipse 
for VSPS: SO, Si, 52, 53, S4A and S4B. These measurements (made 
by hand) are accurate to at least ±2°. Orientations have not been 
plotted where particle motions are circular (for example, offset 
53, 1595 in to 1700 m). 
DEPTH 
(m) 
SO Si S2 S3 S4A S43 
1100 130 75 235 108 109 121 1115 118 71 271 113 122 107 1130 138 67 250 100 116 115 1145 161 58 244 108 123 117 1160 123 73 103 111 112 1175 110 77 236 116 112 102 1190 122 75 236 110 105 102 1205 130 78 243 --- 102 105 1220 125 74 250 111 111 113 1235 130 76 243 118 105 113 1250 130 73 241 124 113 115 1265 121 75 247 108 115 116 1280 95 75 243 115 107 112 1295 130 57 239 116 104 146 1310 131 73 239 118 123 124 1325 131 66 232 117 129 121 1340 120 75 241 123 126 1355 132 67 232 120 115 119 1370 119 72 210 124 103 109 1385 99 71 124 112 114 1400 141 58 225 122 122 133 1415 97 56 228 147 92 96 1430 93 69 229 106 106 1445 82 64 242 
1460 82 72 219 
1475 122 64 97 113 112 1490 112 60 226 104 115 121 1505 117 63 228 101 116 115 1520 117 76 233 102 121 117 1535 121 93 243 112 137 124 1550 126 80 238 114 137 133 1565 127 61 246 120 126 138 1580 136 49 242 110 --- 124 
Table 3.2 (a) Angle of the major-axis of the particle-motion 
ellipse. Geophone depths: 1115 m to 1580 m. Angles are in 
DEGREES from north with +ve towards east. Orientations are not 
included where particle motions are circular. 
DEPTH 
(in) 
SO Si 52 53 S4A S4B 
1595 116 41 236 122 
1610 92 46 228 --- 117 114 
1625 110 48 109 129 
1640 105 54 --- 
--- 100 112 
1655 85 49 --- 
--- 110 95 
1670 116 53 --- 
--- 103 97 
1685 120 43 246 --- 104 139 
1700 89 64 234 --- 116 111 
1715 37 --- 104 109 
1730 --- 39 225 102 112 105 
1745 118 47 230 126 101 
1760 113 50 228 118 116 128 
1775 116 52 243 --- 128 120 
1790 118 47 234 --- 119 121 
1805 127 51 231 86 114 117 
1820 119 48 233 87 117 117 
1835 115 54 233 65 114 122 
1850 115 43 230 69 114 111 
1865 110 39 222 69 105 
1880 117 36 225 56 98 99 
1895 116 42 227 50 92 82 
1910 119 45 232 74 96 174 
1925 134 45 230 50 97 83 
1940 126 50 234 57 100 82 
1955 135 60 237 51 84 66 
1970 124 40 213 55 78 68 
1985 123 56 227 54 72 
2000 173 51 227 51 75 60 
2015 113 40 234 56 70 67 
2030 130 57 230 53 72 61 
2045 326 55 229 54 74 
2060 128 42 227 92 75 61 
Table 3.2 (b) Angle of the major-axis of the particle-motion 
ellipse. Geophone depths: 1595 in to 2060 in. Angles are in 
DEGREES from north with +ve towards east. Orientations are not 
included where particle motions are circular. 
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a larger angular spread ( ± 300), for the orthogonal direction, 
because there are only two observations with the tool-arms oriented 
within 100 of orthogonality. The PDs for the selected depths 
indicate a mean difference in orientation of: (i) 6.3 0 ± 6.7 0 for 
parallel tool-arm orientation (ii) 13.40 ± 5.7° for orthogonal 
tool-arm orientations; and (iii) 11.90 ± 9.6° for tool-arm 
orientations at 45° to each other. These results (displayed in 
Table 3.3) are obtained from only a small number of observations 
( 13, 7 and 9 respectively) and errors the represent one standard 
deviation. These results indicate a slightly larger difference 
(-7 0 ) in particle-motion orientation when the tools are orthogonal, 
but this cannot be conclusive of a tool asymmetry since the 
reorientation procedure, analysed in the next section, is accurate 
within ±8°. There are too few observations from the repeated VSPs 
to allow me to draw a definite conclusion concerning the tool 
asymmetry. However, if present, the tool asymmetry is minor 
compared with the errors of 3-C reorientation investigated in the 
next section. 
3.3.4 Reoerientation of the 3-C borehole tool 
3-C geophones are essential to study shear-wave splitting 
(Crampin, 1983), and determining the proper orientation of the 
geophone components within a borehole is probably the most 
important aspect of the data acquisition and processing. The 
reorientation of the 3-C borehole tool from offset P-wave sources 
may be inaccurate and affect subsequent polarization analyses. In 
the presence of lateral inhomogeneities the P-wave raypath may 
deviate out of the sagittal plane and be no longer polarized 
parallel to the sagittal plane (source/receiver plane). With the 
horizontally bedded structure of the Paris Basin this is unlikely 
to be a significant problem. 
Reorientation from offset P-wave sources is typically less 
accurate than gyro-oriented 3-C borehole tools (H. Ahmed, personal 
communication). I display in Figure 3.8 the long-axis orientations 
of the particle-motion ellipses, in order to examine the 
reorientation of the VSP data. These orientations are not 
necessarily the directions of the shear-wave polarizations, but are 
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the directions of maximum energy of the interfering split 
shear-waves. The orientations of these "lobes" on the particle 
motions are dependent upon several factors, including the source 
orientation, the crack orientation and the time delay. Figure 3.8 
indicates that: (i) between successive depth levels there are 
considerable variations of PD orientations, larger than the ±2 0  
inaccuracies of my measurements. These variations are at worst 
±14° (for top geophones of the SO VSP) and at best ±6° (the bottom 
geophones of the S3 VSP and the top geophones of the Si VSP); (ii) 
there are significant changes of orientation with increasing depth 
(for example, profiles Si, S3, S4A and S43). 
The errors in the receiver reorientation between ±6° and ±14 0 for 
successive geophone depths are considerably smaller than the 40 0  
and 80° changes in the overall motion observed in the Si and 53 
VSPs respectively. The geophone reorientation errors cannot 
account for the anomalous motions in the Si and S3 VSPs, may 
obscure less significant changes of motions. 
3.3.5 Modal resonances 
Most geophones have several spurious resonance frequencies (modal 
resonances) but the lowest one (the first modal resonance) 
practically sets the upper limit of the usable bandwidth. These 
modal resonances can be excited by a signal coming from any 
direction and can produce an electrical signal which rings on for 
some time. Modal vibrations alter the sensor's response to seismic 
vibrations, and are therefore likely to inhibit shear-wave 
polarization measurements. The CGG "Géolock" tool, used for the 
recording of the Paris Basin VSPs, has the main resonances in the 
200 - 400 Hz band. Any resonances below 50 Hz, if they exist, 
would be minor compared to these higher frequencies (A. Green, 
personal communication). 
3.4 Summary 
Shear-wave polarizations and delays are determined by rock 
properties and are independent from the source. However, 
polarization diagrams are not source independent but are sensitive 
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to the shape of the source wavelet, that may change for example 
because of different vibrator baseplate couplings. PDs are 
sensitive to the relative amplitudes of the two split shear-waves. 
The relative shear-wave amplitudes depend on the direction of the 
source orientation about the directions of qSI- and q52-wave 
polarizations. Consequently, a source oriented 45° between the two 
shear waves and accurate within ±2 1 , may cause the relative quasi 
shear-wave amplitudes to vary by ±10%. The observed seismograms do 
not show evidence for harmonic ghosts that occur because of 
harmonics generated by the vibrator sources, and that may distort 
the recorded seismograms. Though I show that the PDs for synthetic 
shear-wave seismograms are sensitive to the source orientation and 
the source wavelet, these parameters cannot explain the misfits for 
the Si and S3 VSPs. 
There is no evidence to suggest poor coupling between the tool 
and borehole wall, that could affect the recorded signal. The main 
modal resonances of the 3-C CGG tool are well outside the frequency 
range of the shear waves to have affected the recorded signal. 
Analysis of the repeated VSP (S4) suggests that PDs have a slightly 
different orientation (-7°) when the tools have orthogonal, rather 
than parallel, orientations. This result is supported by only a 
few observations and it is therefore difficult to draw a definite 
conclusion. Tool asymmetry (if present) is minor compared with the 
errors of 3-C tool reorientation, which is accurate from ±6° at 
best and ±14° at worst. These errors limit the accuracy with which 
polarization directions can be measured. 
It is most probable that the 40 0 and 80° changes in overall 
particle motion orientations, down the $1 and S3 VSPs respectively, 
are an indication of a real subsurface geological condition and not 
an artefact of the recording and data processing procedures. 
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CHAPTER 4 
EFFECT OF THE ROCK-MATRIX PROPERTIES 
ON SHEAR-WAVE SPLITTING 
4.1 Introduction 
My inversion (by forward modelling) of the Paris Basin VSP data 
for an anisotropic model, requires an initial estimate for an 
isotropic model. Having established an isotropic model, I hold the 
rock-matrix parameters constant and examine the individual 
crack-parameters (for example, crack orientation and crack 
density). For different crack properties the seismic velocities in 
the anisotropic medium do not remain constant, but the velocities 
of the uncracked isotropic medium (the matrix material between the 
cracks) do remain constant. Errors with the initial estimate for 
the rock-matrix parameters introduce errors in the subsequent 
inversion for the crack parameters. Using synthetic seismograms I 
demonstrate that the time delays between split shear-waves are 
sensitive to the matrix velocities in the rock containing the 
cracks. Changes in rock-matrix properties alter synthetic 
shear-wave seismograms and, therefore, an accurate inversion of 
EDA-crack parameters requires a detailed knowledge of the 
rock-matrix properties. The results of this investigation are also 
important, in order to separate a seismic response which may occur 
due to changes of the rock-matrix properties from a response to 
changes of crack properties. Anomalous shear-wave motions, 
described in detail in Chapter 2, occur at two offset VSPs: the 
'ISP from the far-offset (1443 m) 53 source location and the 'ISP 
from the near-offset (272 m) Si source location. For both of these 
VSPs the observed shear-wave PDs change orientation (rotate) with 
depth, in a manner inconsistent with PDs for synthetic seismograms 
propagating through a model containing distributions of vertically 
aligned fluid-filled cracks striking N30°V. These anomalies 
(misfits between observed and synthetic POs) cannot be accounted 
for by the rock-matrix properties. A near-surface low-velocity 
layer (LVL) may delay traveltimes and, consequently, different LVL 
thicknesses at each source position can give rise to different 
observed delays. The different delays observed on the SO and Si 
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VSPs could be interpreted as the presence of an extremely 
low-velocity layer (V = 250 m/s) extending far from the surface 
(-100 m). This condition is extremely unlikely to exist and would 
need further evidence to support it. 
4.2 Sonic logs and VSP velocities 
I have used sonic velocities to determine an initial isotropic 
velocity structure, however, are these velocities representative of 
the rock matrix? VSP and sonic-log velocities have long been known 
to differ (Gretener, 1961) and recent field evidence of these 
differences suggests that VSP traveltimes are delayed (of the order 
6.56 ms/1000 m) with respect to integrated sonic times (Stewart 
et al., 1984a). These traveltime delays are small, compared with 
the 20 ms differential shear-wave delays observed at 1100 m (see 
Chapter 2). However, if crack properties are to be determined 
accurately, rock-matrix properties must be well determined and 
differences between sonic and VSP velocities are important. 
Sonic and seismic tools investigate different volumes of rock 
because of their geometry and source frequencies. Sonic logs use 
high-frequency waves (about 15 kHz), propagating a few metres along 
a path adjacent to the borehole, whereas, the VSP survey uses a 
seismic source with a bandwidth from 7 Hz to 80 Hz offset several 
hundred metres from the wellhead. Thus, while sonic waves sample 
the formation in the order of a metre from the borehole, seismic 
waves explore a region tens or hundreds of metres from the 
borehole. Associated with these different volumes of investigation 
is the fact that the actual drilling of a well with circulating 
fluids causes alteration of the formation near the borehole. This 
formation alteration is due to several factors, among which are mud 
invasion, mechanical damage, shale hydration and stress relaxation 
of the adjacent rocks (Thomas, 1978; Goetz et al., 1979). 
Consequently, the altered zone or annulus will often have a 
velocity not representative of the virgin formation. Additionally, 
anisotropy is likely to affect sonic and VSP velocities in 
different ways, because of their considerably different wavelength. 
In summary, the three main reasons for the observed differences are 
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(Thomas, 1978): 
sonic and seismic waves investigate different volumes of rock 
because of their geometry and source frequencies; 
different wave propagation characteristics are in effect for 
the two measurements; 
instrumental errors as well as analysis inaccuracy are 
associated with each system. 
I invert P- and shear-wave VSP traveltimes for velocity in a 
least-squares sense (Pujol et al., 1985, 1986), in order to provide 
an additional constraint on the isotropic velocity structure. This 
inversion procedure assumes a horizontally-layered isotropic medium 
and does not consider the effects of anisotropy on the measured 
traveltimes. Applying isotropic traveltime_inversion to data 
obtained in anisotropic media may give erroneous results (Doyle 
et al., 1985; Douma, 1989). It is probable that the percentage 
errors in the inverted velocities, introduced by assuming isotropy, 
are comparable to the magnitude of the percent anisotropy. The 
isotropic A'- and shear-wave velocities inverted from different 
source offsets and azimuths are displayed in Figure 4.1 and listed 
in Table 4.1. There are no receivers for the first 1100 m, and I 
represent this upper section as a single layer. Beneath this upper 
section of the model I consider 50 m thick layers. A consistent 
early, or late, picking of seismic arrivals introduces a static 
shift to the measured traveltimes which does not affect the 
velocity inversion between geophones, but does affect the inverted 
velocity of the upper section between source and upper-most 
geophone. Thus, this isotropic velocity-inversion should be 
accurate for the depth range sampled by the geophones, and provides 
some indication of the velocity above 1100 m. From the velocities 
inverted for each VS?, I have calculated a mean velocity profile. 
These values are listed in Table 4.2. 
There is little significant difference between sonic and VSP 
velocities displayed in Figure 4.2, however, the sonic kg shows 
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Figure 4.1 (a) VSP velocity inversion of P-wave traveltimes. The 
maximum error between observed traveltimes and those calculated for 
the inverted isotropic velocity structure are: N2 = 0.48%; S2 = 
0.69%; S23 = 0.86%; S3 = 0.81%. 
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Figure 4.1 (b) VSP velocity inversion of shear-wave traveltimes. 
The maximum error between observed traveltimes and those calculated 
for the inverted isotropic velocity structure are: SO = 0.44%; Sl 
= 0.30%; 52 = 0.23%; 53 = 0.47%; S4 = 0.22%; S5 = 9.24%. 
Inversion for the far offset S5, is complicated by oblique 
raypaths, and only a single iteration was possible before the 
inversion routine became unstable. This accounts for the smooth 




N2 vsp S2 VSP 523 VSP S3 VSP 
DEPTH V V VP 
(in) (km/s) (kin/s) (lcn/s) (km/s) 
0 2.967 2.932 3.060 3.141 
1100 3.913 4.332 3.108 4.192 
1150 4.403 3.980 4.567 4.348 
1200 5.124 4.306 4.623 4.263 
1250 4.426 5.026 4.493 4.348 
1300 5.260 5.384 5.200 4.091 
1350 4.399 4.972 4.050 3.791 
1400 3.252 2.963 3.274 3.286 1450 3.845 4.188 4.130 4.454 
1500 5.456 5.164 4.792 4.601 
1550 4.126 4.271 4.351 3.715 
1600 4.907 4.982 4.728 5.348 
1650 5.009 4.941 4.624 4.027 
1700 4.568 4.419 4.706 4.458 
1750 3.930 4.090 4.037 3.550 
1800 3.207 2.985 3.167 3.663 
1850 3.336 3.796 3.229 3.020 
1900 3.222 3.103 3.261 3.190 
1950 3.294 3.572 3.386 3.362 
2000 3.762 3.443 3.553 3.534 
E 0.48% 0.69% 
1 . 0.86% 0.81% 
Table 4.1 (a) P-wave velocities inverted from P-wave VSP traveltimes. if is the maximum percentage error between observed 
traveltime and the traveltime calculated for inverted isotropic 
structure. Source location N2 is offset 830 in at an azimuth N12 0 E and source location S23 is offset 1089 in at an azimuth N193 0 E. 
Details for P-wave source locations S2 and S3 are the same as those 
for the shear-wave locations given in Chapter 2. 
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SO VSP Si VSP S2 VS? 53 VSP 54 \'SP s5 VSP 
DEPTH V 5 
(kin /s) 
V 5 V 5 V5 V5 









1.669 1.744 	1.826 





2.153 	2.144 1200 2.342 2.545 2.435 2.210 2.244 2.169 1250 2.543 2.735 2.505 2.395 2.328 	2.152 1300 2.646 2.426 2.325 2.178 2.208 2.106 1350 1.832 1.946 1.892 1.964 1.863 	2.056 1400 1.620 1.519 1.514 1.568 1.578 2.047 1450 2.572 2.488 2.624 2.391 2.422 	2.108 1500 3.004 2.486 2.278 2.488 2.429 2.132 1550 2.428 2.227 2.196 2.056 2.036 	2.141 1600 2.793 2.561 2.527 2.658 2.464 2.152 1650 2.406 2.505 2.200 2.391 2.474 	2.129 1700 2.609 2.406 2.430 2.373 2.381 2.095 1750 1.823 1.930 2.077 2.064 2.131 	2.036 1800 1.494 1.458 1.615 1.580 1.646 1.984 1850 1.638 1.701 1.569 1.635 1.840 	1.954 1900 1.509 1.541 1.632 1.907 1.613 1.949 1950 1.816 1.799 1.806 1.791 1.912 	1.960 2000 1.796 1.859 1.870 1.749 1.845 1.979 
E 0.44% 0.30% 0.23% 0.47% 0.22% 	9.24% 
Table 4.1 (b) Shear-wave velocities inverted from shear-wave vsp 
trave].tjmes. £ is the maximum percentage error between observed 










0 3.013 1.613 1.868 
1100 3.916 2.404 1.629 
1150 4.321 2.316 1.865 
1200 4.648 2.388 1.946 
1250 4.568 2.491 1.834 
1300 5.034 2.336 2.155 
1350 4.343 1.897 2.290 
1400 3.193 1.557 2.051 
1450. 4.111 2.502 1.643 
1500 5.077 2.484 2.044 
1550 4.119 2.171 1.897 
1600 4.982 2.567 1.941 
1650 4.712 2.387 1.974 
1700 4.536 2.426 1.869 
1750 3.910 2.027 1.930 
1800 3.241 1.574 2.059 
1850 3.360 1.689 1.989 
1900 3.194 1.629 1.961 
1950 3.393 1.834 1.850 
2000 3.596 1.836 1.959 
Table 4.2 Average P- and shear-wave velocities and velocity ratio5 
obtained from the inverted VSP traveltimes for each offset in 
Tables 4.1 and 4.2. The VSP velocities are an average of the 
velocities inverted from each VSP. The average velocities are 
weighted according to the maximum error of each VSP velocity model, 
so that models with large errors, for example the S5 VSP, 
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Figure 4.2 Comparison of sonic velocities and their ratio, 
V V(sonic), with the inverted VSP velocities and their ratio -/V5(vsP). The VSP velocities are an average of the velocities 
ijted from each VSP. The average velocities are weighted 
according to the maximum error of each VS? velocity model, so that 
models with large errors, for example the S5 VSP, contribute little 
to the average model. If 8v. is the maximum error for each VSP 
model, and v. are the velocities of the model, then the average 
velocity mod4l is calculated as: 




. 	 i = each VSP 
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wavelength, then the seismic waves propagate as if the rock were a 
single transversely-isotropic medium (Postma, 1955; Backus, 1962). 
Consequently, the velocities of individual fine-layers cannot be 
resolved with seismic wavelengths used in VSP studies but can be 
resolved in sonic logs. 
The F- and shear-wave velocities, in Tables 4.1 (a) and (b), 
indicate a general increase in velocity with offset. Since the 
waves from the wide-offset sources are incident at larger angles 
from the vertical, and since the layering in the Paris Basin is 
believed to be horizontal, this result could be interpreted as the 
horizontal velocities being faster than the vertical velocities. 
The F- and shear-wave VSP velocities, from wide-offset sources, are 
respectively 7% and 14% faster than the near-offset VSP velocities 
for the top 1100 m. Furthermore, the velocities inverted for the 
top 1100 m are 2.7% slower in the Si VSP than those in the SO VSP, 
despite the Si source is situated at a wider offset. I would 
expect similar velocity variations to occur in orthorhombic media, 
arising from combinations of EDA-cracks and periodic thin-layer 
(PTL) anisotropy, where the comparatively slow velocity inverted 
from the Si VSP could be due to waves travelling at incidences 
close to a point singularity. In Chapter 6 I investigate 
shear-wave propagation in orthorhombic media. 
4.3 Vp/Vs Ratio 
The purpose of this section is to use the previously calculated 
VSP velocities, in order to obtain a better estimate of the 
velocity ratio y ( V/V 5) above 800 m, for which no sonic data 
exist. I first demonstrate, using Hudson's crack formulae, the 
effect of the rock-matrix velocities on the measured shear-wave 
anisotropy and delay. I discuss how the observed velocities and 
velocity ratio are affected by the presence of cracks and 
lithologica]. variations. I investigate azimuthal variations of 
Vr 	 and 	ratios from VSP observations. I finally use the 
VSP inverted velocities to determine the velocities above 900 m. 
4.3.1 Effect of rock-matrix velocities on anisotropy and delay 
Using Hudson's (1981) Equations 17 and 18, I display in 
Figure 4.3, the differential shear-wave anisotropy and delay as a 
function of the crack density for velocity ratios, y = 1.4, 1.8 and 
2.2. Figure 4.3 indicates that as the velocity ratio of the 
uncracked rock-matrix decreases, for a constant crack density, the 
differential shear-wave anisotropy increases. For a range of 
velocity ratios, y = 1.8 ± 0.4, with CD = 0.02, the differential 
shear-wave anisotropy is $ = 2.4 ± 0.3 X. Shear-wave time delays 
are displayed in Figure 4.3 as a function of crack density, for 
three velocity ratios (1.4, 1.8 and 2.2) and a constant rock-matrix 
P-wave velocity, V1,, = 3 km/s. I consider a constant P-wave 
velocity, because it can be obtained from the sonic velocities, 
whereas there is no information for the shear-wave velocities above 
800 m. Contrary to the change in anisotropy, the time delay 
decreases as the velocity-ratio decreases. This is because 
decreasing the velocity ratio, whilst maintaining a constant 
rock-matrix P-wave velocity, causes both the shear-wave velocity 
and anisotropy to increase. An increase of anisotropy should 
increase the delays, however, since the shear-wave velocity has 
increased, the traveltime through the anisotropic layer is reduced 
and the overall result is a decrease of time delay. 
Shear-wave PDs are sensitive to small variations in delay. 
have demonstrated above that such changes may arise from a change 
in matrix velocity and not necessarily from a change in crack 
properties. It is therefore important to have an accurate 
isotropic velocity structure, in order to determine the crack 
properties accurately. 
4.3.2 Effect of cracks and lithology on Vp/Vs observations 
The observed P- and shear-wave velocities and consequently their 
ratio are not the properties of the isotropic rock-matrix, but 
represent the bulk properties of the anisotropic rock formation. 
Omnes (1980) shows that the VSP shear-wave interval velocity reacts 
more strongly to lithological changes than the P-wave velocity 
does, and thus the V/Vs  velocity ratio appears to be sensitive to 
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Figure 4.3 Shear-wave anisotropy and time-delay between vertically 
propagating split shear-waves plotted as a function of the crack 
density. The 3 curves correspond to different velocity ratios, 
v/v , of the rock-matrix (material between the cracks): (i) 
1.4; (ii) V/V = 1.8; (iii) V/V5 = 2.2. The time 
deljs are calculated rbr a constant P-wave velocity of 3 km/s. 





measurements on rock cores (for example, King, 1966; 
Wilkens et al., 1984; and Domenico, 1984), where a relationship 
between velocity ratio and lithology separates carbonate-dominated 
from sandstone-dominated rock types. The separation is largely due 
to the much slower shear-wave velocity in calcium carbonate 
(calcite) compared to that in silicon dioxide (quartz) (Domenico 
and Danbom, 1987). Tatham (1982) shows that the velocity ratio is 
usually more sensitive to crack and pore geometry than it is to 
mineral content. Tatham (1982) suggests that the observed 
association between lithology and velocity ratio result from an 
association between lithology and distribution of pore and crack 
shapes. Similarly, Moos and Zoback (1983) use VSP data and sonic 
logs to show that a high density of fractures causes both P- and 
shear-wave velocities to decrease, but their ratio to increase. 
Brace et al. (1972) and Toksoz et al. (1976) show how flat 
pore-volumes, associated with cracks in rocks, give a different 
response to the velocity ratio than the response from more rounded 
pore-volumes. The velocity ratio has been observed to decrease and 
then return to normal prior to earthquakes (Semenov, 1969; 
Aggarwal et al., 1973; Whitcomb et al. 1973), and is thought to 
be due to the changing properties of EDA-cracks in response to 
non-lithostatic stresses. 
The velocity ratio measured from seismic observations is thus 
sensitive to: (i) lithological variation; (ii) cracks and 
fracturing. 
4.3.3 Measurement of Vp/Vs from VSP observations 
The velocity ratio, 'r(sonic), displayed in Figure 4.2, has been 
calculated from the sonic measurements at the borehole. The 
shear-wave velocities displayed alongside the P-wave sonic log, are 
calculated from the P-wave velocities using the 
Y(sonic) log. 
Above 900 m Y(sonic) has not been recorded and a large value for 
the velocity ratio (-2.2) has been used to calculate the shear-wave 
velocities. I display, in Figure 4.2, the sonic and VSP P- and 
shear-wave velocities and their ratio v(VSP) and y 
(sonic). Within 
the error limits of the VSP inversion (minimum layer thickness of 
50 m, assumed isotropy, horizontal layering) the velocity ratio of 
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VSP and sonic observations, y(VSP) and Y(sonlc), compare well. 
However, neither provide an accurate value for the ratio above 
900 m. Eastwood and Castagna (1987) suggest that the expected 
change in 	ratios from seismic to sonic frequencies is 
limited, however, the VSP observations indicate larger 
velocity-ratio variations than the sonic observations. This could 
be due to the sonic measurements being comparatively less sensitive 
to crack and lithological variations. The ratio of the P- and 
shear-wave velocities may be calculated as a ratio of the 
velocities (y 	v/v 5), as above, or as a ratio of the measured 
traveltimes (y = t31;1,). Depending upon how measurements are 
made, y and Y do not necessarily form an equality (Hardage, 
1985). 'r,(VSP) and YV(VSP) for offsets S2 and S3 compare well in 
overall form (Figure 4.4). 
Ahmed (1989) interprets azimuthal velocity-ratio variations as 
wave propagation through distributions of aligned EDA-cracks. There 
does not appear to be any consistent difference between the two 
offsets, S2 and S3, to suggest the presence of azimuthal 
anisotropy. My analysis of y and y may not be sufficiently 
sensitive to detect the differences between the two azimuths. 
I obtain the y, and y, listed in Table 4.3, from the measured P-
and shear-wave traveltimes and inverted velocities (at the top 
geophones 1100 m). Assuming a large timing error of half a cycle 
(25 ms) and allowing for any delay due to anisotropy (20 ms), the 
velocity ratio has a range y = 1.9 ± 0.2 above 1100 m. This range 
of velocity ratios is smaller than those displayed in Figure 2.3, 
so the delays should change less. Synthetic shear-wave PDs, for 
propagation through cracked models with r = 1.9 ± 0.2 (see 
Figure 4.5), show little change of delay, suggesting that this 
large range of velocity ratio in the top 1100 m has little effect 
on the delays. The velocity ratio in the layers beneath 1100 m may 
range from 1.4 to 2.5 (see Figures 4.2 and 4.4). Table 4.4 lists 
the revised rock-matrix velocities for the 3-layered model, where 
the shear-wave velocity in the top 800 m is calculated from the 



















Figure 4.4 Comparison of P- and shear-wave traveltime ratio 
(i/i) and velocity ratio (V/V ) observed on the S2 and S3 VSPs. 
The €raveltime ratio has been sioothed since y = 6 	is 
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Table 4.3 P- and shear-wave. traveltime ratios, t ç/t , and velocity ratios, V/V 5, for top geophones (1100 in) of S2 aid '3 VSPs. 
Offset SO 
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Figure 4.5 Synthetic shear-wave PDs, for the VSPs SO to S3, for 
propagation through models with different VJ/V5 velocity ratio. 
The models contain distributions of vertically-aligned fluid-filled 
cracks striking N30°W with crack densities: CD = 0.024 from 0 to 
1100 m and CD = 0.016 beneath 1100 m. Indicated above each column 
of PDs are the V/V velocity ratio of the isotropic rock-matrix 
(material between tIe cracks). 
Offset S4 
1.7 	1.9 	2.1 
Offset S5 
1.7 	1.9 	21 
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Figure 4.5 Synthetic shear-wave PDs, for the VSPs S4 and S5, for 
propagation through models with different V,7V5 velocity ratio. 
The models contain distributions of vertically-aligned fluid-filled 
cracks striking N30°W with crack densities: CD = 0.024 from 0 to 
1100 in and CD = 0.016 beneath 1100 m. Indicated above each column 
of PDs are the V/V velocity ratio of the isotropic rock-matrix 
(material between tFe cracks). 
DEPTH 
(in) (km/s)  
0 2.8  
j2j35 800 4.35 
1800 3.6  
Table 4.4 Revised P- and shear-wave velocities for 3-layered 
model, based on velocities from VSP inversion. The shear-wave 
velocity of the top layer (0 to 800 In) is calculated from the 
P-wave velocity for a ratio = 1.9. 
4.4 Multilayered model and internal interfaces 
It is easier to understand anisotropic wave-propagation in 
comparatively simple 3-layered structures, however, such models may 
not necessarily be realistic. Since, in anisotropic models 
shear-wave velocities and polarizations are dependent upon the 
direction of wave propagation (determined by the velocity 
structure), an accurate velocity structure is important not only to 
model the correct arrival times, but also to model the correct 
shear-wave polarizations and delays. Furthermore, multilayered 
structures have internal interfaces which may distort the shear 
waveforms in a number of different ways. From synthetic modelling 
I find that the effects, listed below, cannot account for the 
observed anomalies. 
For different layered structures shear-wave raypaths may 
differ, and in anisotropic materials this may result in changes of 
polarization and delay. 
Waves incident at an interface at angles greater than the 
critical angle, become distorted by the effects of mode conversions 
(Liu and Crampin, 1989b; Douma and Helbig, 1987). This is 
important for the wide-incidence raypaths from the far-offset 
source locations 53, 54 and 55. 
Shear-waves from the far-offset sources, or to the shallow 
geophone depths, may have oblique raypaths beyond critical angle, 
and may be totally internally-reflected. If there is a 
low-velocity channel, multiple internal-reflections may occur, 
causing reverberations on the seismograms. Liu et al. (1989) and 
Jackson et al. (1989) suggest that channel waves (quasi-Love waves 
coupled to the low-velocity channel) may have a potential to 
monitor the detailed internal structure of coal seams and 
hydrocarbon reservoirs. 
Layering alone gives rise to seismic attenuation from a 
combination of the transmission losses through the interfaces of a 
layered subsurface and the generation of intrabed multiple 
reflections (O'Doherty and Anstey, 1971; Schoenberg and Levin, 
1978). Transmission losses lower the amplitudes uniformly at all 
frequencies, whereas, intrabed multiples tend to raise the 
amplitudes at the low-frequency end of the spectrum and lower those 
at the high-frequency end. 
(v) A geophone located above an interface may record direct and 
reflected arrivals superimposed, and the interference of the two 
waves may distort the individual waveforms. The 200 ms time-window 
about the shear-wave arrivals represents approximately two 
wave-cycles. Thus, reflected waves originating from interfaces up 
to two wavelengths (-200 m) beneath the geophone, may conceivably 
distort the waveforms of the direct arrivals. 
Synthetic seismograms, shown in Figure 4.6 and generated in 
response to the multilayered cracked model (Figure 4.7 and 
Table 4.5), indicate only minor modification of the shear-wave PDs, 
though the seismograms for wide-offsets indicate numerous reflected 
arrivals. This is most pronounced at the widest offset S5 and 
shallowest geophones, where raypaths have largest incidence. In 
low-velocity rocks the delays between split shear-waves increase, 
however, Figure 4.6 does not indicate large increases of delay 
associated with low-velocity layers. This is because the 
low-velocity layers do not have very low velocities, compared to 
the mean velocity, and are comparatively thin, so that the change 
in delay is not significant. 
Polarization analysis of the shear-wave reflections, could 
further constrain modelling. However, the interaction of P- and 
shear-wave reflections and other later arrivals makes the 
interpretation of reflected waves difficult without applying some 
wavefield separation to the data. Before interpreting such data 
the effect of wavefie].d separation on shear-wave polarizations and 
delays needs to be known. 
This section has demonstrated that the three-layered cracked 
model is acceptable for modelling the direct shear-wave arrivals 
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Figure 4.6 (a) Observed shear-wave PDs (OPEN) compared with the 
synthetic response (BOXED) to a multilayered cracked model. PDs 
are displayed in North and East model consists of 18 layers with 
isotropic matrix-velocities -and thicknesses defined in Table 4.6. 
The model contains 2 distributions of vertically-aligned 
fluid-tilled cracks striking N30°W: (1) 0 to 1100 in CD = 0.024; 
(2) below 1100 m CD = 0.016. The multilayered cracked components, 
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Figure 4.6 (b) 3-C synthetic seismograms, displayed in Vertical, 
Radial and Iransverse components, for shear-wave propagation 
Through a multilayered cracked model. The model consists of 18 
layers with isotropic matrix-velocities and thicknesses defined in 
Table 4.6. The multilayered model contains 2 distributions of 
vertically-aligned fluid-filled cracks striking N30°W: (1) 0 to 
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Figure 4.7 F- and shear-wave velocities and shear-wave raypaths, 











0 320 2.9 1.526 1.90 320 125 3.5 1.842 1.90 445 305 2.6 1.368 1.90 750 50 3.2 1.684 1.90 800 75 4.8 2.526 1.90 875 75 4.0 2.105 1.90 950 110 3.4 1.842 1.85 1060 50 4.25 2.25 1.89 1110 230 4.8 2.6 1.85 1340 80 3.9 2.0 1.95 
1420 50 3.3 1.8 1.83 
1470 75 5.2 2.6 2.00 1545 70 4.4 2.3 1.91 
1615 60 5.3 2.7 1.96 
1675 30 3.5 1.9 1.84 
1705 65 5.0 2.8 1.79 
1770 155 3.3 1.75 1.89 
1925 HALFSPACE 3.7 2.0 1.85 
Table 4.5 F- and shear-wave velocities and their ratio, for a 
multilayered model of the Paris Basin. 
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observed anomalies. 
4.5 Low-velocity surface layers 
The presence of a low-velocity layer (LVL) in the top tens of 
metres may distort the waveforms in a number of different ways 
(Sheriff and Geidart, 1983). Yardley and Crampin (1989) 
demonstrate, with synthetic seismograms, that zero-offset 
shear-wave VSPs are unaffected by near-surface low-velocity layers 
(LVLs), and that the behaviour of shear-wave splitting is dominated 
by the effects of the rock mass in the vicinity of the geophones. 
D. Campden (personal communication) has found that P- to SV-wave 
conversion at the bottom of a shallow near-surface LVL in the 
Geysers geothermal field, California, can account for the large 
time delays observed between far-offset SV- and SR-wave VSPs. This 
is because the SV-source generates a P-wave which, for wide-offset 
sources, is converted to an SV-wave at the base of the LVL and 
arrives ahead of the SV-wave from the source. With the exception 
of the near-offset SO source, shear-wave sources (in the Paris 
Basin VSP survey) are oriented transverse to the borehole, 
generating SR-waves. Thus, for this data-set SV-waves cannot be 
generated at the bottom of an LVI in the near-surface and 
consequently affect interpretations of delays in shear-wave 
splitting. 
LVLs typically have P-wave velocities in the 0.4 to 0.8 km/s 
range, occasionally as low as 0.15 km/s for the top few 
centimetres, sometimes as high as 1.2 km/s (Sheriff and Geldart, 
1982). Since traveltimes are longer through the LVL, EDA-cracks 
have a greater effect on shear waves, even though the crack density 
may be the same. The lower shear-wave velocity results in an 
increase in delay between split shear-waves (see Figure 4.8). For 
an LVL with V5 = 0.26 km/s the shear-wave delays are 120 ms/km, for 
vertical propagation through cracks with CD = 0.024, and represent 
a 6 ms delay through a 50 m thick layer. The 20 ms/km shear-wave 
delays for V5 = 1.49 km/s, represent a 1 ms delay over 50 m. The 
PDs in Figure 4.9, for synthetic seismograms propagating through 
models with LVLs in the top 50 m, indicate an increase in the delay 









Figure 4.8 Contoured equal-area projections of shear-wave phase 
velocity delays. A hemisphere of directions is displayed for 
shear-wave propagation through materials containing saturated 
cracks aligned perpendicular to the x-axis with crack density 
CD = 0.024, aspect-ratio AR = 0.001, V/V5  (matrix) = 1.9, and 
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Figure 4.9 Synthetic shear-wave PDs for propagation through models 
containing near-surface low-velocity layers. The models contain 
distributions of vertically-aligned fluid-filled cracks striking 
N30°V with crack densities: CD = 0.024 from 0 to 1100 m and 
CD = 0.016 beneath 1100 m. Indicated above each column of PDs are 
the P-wave velocities for the top 50 m of the models. These values 
are: 2.6, 1.0, 0.5 and 0.25km/s. The V/Vt ratio in the top 50 m
is 1.. 9. PDs for two VSPs are displayed: (a)' SO VSP; and (b) Si 
'ISP. 
Since seismic waves typically propagate almost vertically through 
the LVL, then it is likely that all offsets will have a similar 
increase in delay, provided that the near-surface LVL has the same 
properties at all source locations. If the LVL thickness is 
greater at the SO source location, compared with the Si source 
location, this could account for the marked difference in delay 
from these two VSPs. However, this requires an extremely 
low-velocity layer (v = 0.25 km/s) extending far beneath the 
surface (-±00 m) and is unlikely to exist. 
In summary, comparing observations of shear-wave splitting from 
different source offsets and azimuths, requires a thorough 
knowledge of the structure, since low-velocity surface layers could 
account for differences. 
4.6 Density of the rock formation 
The P- and shear-wave velocities are proportional to 1/(/p), 
hence seismic traveltimes through two different media, will be 
inversely affected by the densities of the media if all other 
properties are comparable. However, for any generalized porous 
medium, for example the layered silicate and carbonate rocks of 
sedimentary basins, the seismic velocities have a very different 
relationship to the bulk rock density. Velocity-density curves 
have been published which illustrate this relationship (Sheriff and 
Geldart, 1983). Because of the large density-contrast between the 
rock matrix and the pore-space fluids, the measured bulk-density 
log may be sensitive to the formation porosity and thus may not be 
a measure of the true density of the rock matrix (McQuillin et al., 
1984). 
Since the seismic velocities in the borehole vicinity are known 
from sonic logs and inverted VSP-traveltimes, then uncertainties in 
the bulk density will contribute to the uncertainty in the 
determination of the elastic properties of these rocks. Density is 
directly proportional to the elastic constants, thus if the density 
is underestimated (for example, because of formation porosity), 
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then the elastic constants will similarly be underestimated 
Comparatively small uncertainty in the density does not, however, 
affect the values of the anisotropy and crack parameters. 
4.7 Summary 
An accurate isotropicvelocity-structure(rock-matrix 
velocities) is important not only for modelling correct arrival 
times, but also for modelling correct shear-wave polarizations and 
delays. Thus, rock-matrix properties must be well defined, in 
order to determine crack properties accurately. i have used sonic 
and seismic velocities, inverted from VSP traveltimes, to determine 
the effects of the rock-matrix velocities on shear-wave 
polarizations and delays. I find that the anomalous motions, where 
the observed and the synthetic PDs differ, cannot be explained in 
terms of the rock-matrix properties. 
Shear-wave delays are inversely proportional to the shear-wave 
velocities of the rock-matrix. Consequently, the time delay 
between split shear-waves increases for propagation through 
anisotropic Ms. The different delays observed in the SO and Sl 
VSPs could be interpreted as the presence of an extremely 
low-velocity layer (v = 250 m/s) extending far from the surface 
(-100 m). This condition is extremely unlikely to exist and would 
need further evidence to support it. 
I have demonstrated that a three-layered cracked model is 
acceptable for modelling the direct shear-wave arrivals and 
including more cracked layers in the model does not significantly 
change the motions of direct shear-wave arrivals. 
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CHAPTER 5 
STUDY OF CRACK PROPERTIES 
5.1 Introduction 
I interprete the shear-wave splitting observed in the Paris Basin 
as propagation through distributions of vertically-aligned 
fluid-filled EDA-cracks (microcracks, pore spaces, and fractures) 
present in the sedimentary rocks. Shear-wave motions are sensitive 
to the EDA-crack properties which are likely to vary, for example, 
between rocks with different lithologies, stress conditions and 
fluid saturants. I have previously considered distributions of 
EDA-cracks as small fluid-filled, aligned inclusions and not 
differentiated between the different possible properties of 
microcracks, pore space and fractures. I examine, in this Chapter, 
the seismic response to changes of EDA-crack properties, for 
example, orientation, population density, distribution, shape and 
internal contents. 
5.2 Crack orientation 
EDA-cracks in the Earth's crust are thought to be vertical and 
parallel at depths where the direction of minimum stress is 
horizontal. Nearer the surface, the minimum stress is likely to be 
vertical and it may cause anomalies in the direction of EDA-cracks 
(Crampin, 1988c, 1989d). This may result in the orientation of 
EDA-cracks within a reservoir to be different from the orientation 
of cracks in the near-surface layers. Shear-wave PDs recorded in 
VSPs display the crack orientation in the target zone irrespective 
of the changes in crack geometries in the near-surface (Yardley and 
Crampin, 1989). However, qS/-wave polarizations are not clearly 
identifiable in the Paris Basin PDs and it is the particle motion 
over 200 ms, from the first motion, which I have modelled and 
matched to observations. These particle motions are sensitive to 
the crack geometries in the near-surface, since if the crack 
orientation changes, away from the near surface, shear waves may 
split again as the anisotropy changes symmetry direction. 
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I investigate the response of synthetic seismograms propagating 
through models with a range of crack orientations (see Figure 5.1) 
from N25°W to N45°W. Comparing the synthetic motions, in 
Figure 5.1, with the observed motions, in Chapter 2, indicates that 
the optimum crack orientation for the model is N301W ± 5 1 . 
However, local changes of anisotropy may occur where, for example, 
EDA-cracks might change properties such as orientation or crack 
density. J..efeuvre et al. (1989) find, in another area of the 
Paris Basin, two intervals of significant anisotropy: (i) between 
650 m and 1150 m; and (ii) between 1350 m and 1420 m. The 
eigen-directions of the propagator matrix (Nicoletis et al., 1988a) 
indicate that the qS/-waves are polarized N40 1W in the first 
interval, and N70°W in the second interval. If the qS/-wave 
polarization is parallel to a distribution of EDA-cracks, which is 
not necessarily so (Crampin 1988b), a rotation of the qS/-wave 
polarization could be interpreted and a crack rotation. I find 
that different crack orientations (strikes) above and below the top 
geophone (1100 m) do not improve the match between synthetic and 
observed shear-waves PDs 
5.3 Crack density 
The observed shear-wave splitting is the result of the cumulative 
delay acquired along the entire length of the raypath from source 
to receiver. Consequently, since the VS? data are recorded between 
1100 m and 2060 m, it is difficult to determine the spatial 
variations of the rock properties above 1100 m. Localized 
anisotropy above 1100 m may give rise to a seismic response beneath 
1100 m different from that for a homogeneous distribution of 
anisotropy above 1100 m. Raypaths through a strongly anisotropic 
section may differ from the mean raypaths from the surface, and 
therefore differences of delay and polarization can be expected. 
Nevertheless, synthetic modelling has demonstrated that it is 
difficult to resolve the spatial variation of crack density above 
the top geophone. 
Between 1500 m and 1600 m the observed 51 PDs rotate (see 
Chapter 3) suggesting that there is an abrupt increase in the time 
delay between split shear-waves. For a homogeneous anisotropic rock 
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Figure 5.1 (a) Synthetic shear-wave PDs for a range of crack 
orientations from N25°W to N45 0W, for SO VSP (TOP) and Si VSP 
(BOTTOM). Cracks are fluid-filled, vertically aligned and have 
small aspect-ratios (AR = 0.001). Crack densities are CD = 0.024 above 1100 m and CD = 0.016 below 1100 m. The velocities of the 
matrix material between cracks are: a = 2.8 km/s, 6 = 1.49 km/s 
(0 - 800 m); a = 4.35 km/s, 6 = 2.35 km/s (BOO - 1800 m); 
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Figure 5.1 (b) Synthetic shear-wave PDs for a range of crack 
orientations from N25 0W to N45 0W, for S2 VSP (TOP) and S3 VSP 
(BOTTOM). Cracks are fluid-filled, vertically aligned and have 
small aspect-ratios (AR = 0.001). Crack densities are CD = 0.024 
above 1100 m and CD = 0.016 below 1100 m. The velocities of the 
matrix material between cracks are: a = 2.8 km/s, B = 1.49 km/s 
(0 - 800 at); a = 4.35 km/s, 0 = 2.35 km/s (800 - 1800 m); 
a = 3.6 km/s, 0 = 1.8 km/s (below 1800 m). 
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Figure 5.1 (c) Synthetic shear-wave PDs for a range of crack 
orientations from N25 0W to N45 0W, for 54 VSP (TOP) and S5 VSP 
(BOTTOM). Cracks are fluid-filled, vertically aligned and have 
small aspect-ratios (AR = 0.001). Crack densities are CD = 0.024 
above 1100 m and CD = 0.016 below 1100 m. The velocities of the 
matrix material between cracks are: a = 2.8 km/s, 3 = 1.49 km/s 
(0 - 800 m); a = 4.35 kin/s, 3 = 2.35 km/s (BOO - 1800 in); 
a = 3.6 km/s, 0 = 1.8 km/s (below 1800 m). 
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the delay increases linearly with the path length. This abrupt 
increase of delay down the geophone column could therefore indicate 
an increase of anisotropy in the rock, for instance an increase of 
crack density. However, the delay may also increase due to a 
change of incidence angle or a change of velocity (see Chapter 4). 
For the near-vertical travelpaths from the near-offset sources, 
there is little change of incidence across interfaces, and thus it 
is unlikely that the changes in delay are due to the incidence 
angles. 
The sensitivity of shear waves to changes in crack density 
depends upon the minimum detectable change of delays between split 
shear-waves. Delays At depend upon the anisotropy in the layer 5 
and the time spent in the layer n At = ft/U-,). The time spent 
in the layer depends upon the velocity Vand the distance travelled 
through the layer it t = dl V. Thus, the time delay can be 
expressed as: At = dV 1 0(1_5). Since the delay is a function of 
three variables (anisotropy, layer thickness and velocity), a 
single general result, stating, for example, the minimum detectable 
anisotropy, is not possible without specifying the layer thickness 
and velocity. Figure 5.2 displays the time delay between split 
shear-waves versus the shear-wave anisotropy for a 100 m thick 
layer with a shear_wave velocity of 1 km/s. Figure 5.2 indicates 
that for weak anisotropy, the percent change in delay is 
approximately equal to the percentage change in anisotropy, whereas 
for strong anisotropy the percentage change in delay is greater 
than the percent change in anisotropy. 
The section of the Paris Basin model between iioo m and 2060 m 
has a mean anisotropy of S = 1.8 t 0.4%. However, since this is 
the mean anisotropy for the section, a localized anisotropy between 
1500 in and 1600 m can be calculated for a time delay 
At = 8 ms (see 
Chapter 2), a thickness d= 100  and a velocity v= 2.35 km/s, 
giving an anisotropy I = 16%. I assume here that the rest of the 
section, between iioo in and 2060 m, is isotropic and does not cause 
any delay between the split shear-waves. For non-vertical 
incidence the distance travelled through a layer is not equal to 
the layer thickness and, additionally, the delays vary with 
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Figure 5.2 The time delay between split shear-waves plotted versus 
the shear-wave anisotropy for a travelpath of 100 m and a 
shear-wave velocity of 1 km/s 
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travel vertically. If the rest of the section, between 1100 m and 
2060 m, had a small crack density, for instance CD = 0.005 
('I = 0.5%), this would cause a 2 ms change of delay. Consequently, 
the time delay, acquired through the 1500 m to 1600 m interval, 
would be 6 ms suggesting an anisotropy of 12%. A 127 shear-wave 
anisotropy represents a crack density of approximately CD = 0.12. 
Synthetic seismograms propagating through a cracked model, with 
CD = 0.005 below 1100 m and cracks oriented N45 0W, match the SO VSP 
when the crack density in the 1500 in to 1600 m interval is 
CD = 0.11 ± 0.02 (see Figure 5.3(a)). The crack density I obtain 
from synthetic modelling agrees with the value I calculate above. 
Modelling the Si VSP (see Figure 5.3(b)) indicates that a much 
larger crack density, of approximately 0.2, is required to match 
synthetic and observed PDs. Since the model for the Si VSP, with a 
crack density of 0.005 above 1100 m, requires a larger crack 
density in the 1500 m to 1600 m interval, the observations at 
1100 m must have a delay greater than 4 ms. Comparing the 
synthetic Si PDs, in Figure 5.4, with the observed Si PDs, in 
Chapter 2, indicates that the Si VS? is better modelled with 
0.008 < CD < 0.012 in the top 1100 m. These crack densities cause 
a differential shear-wave delay of approximately 10 ins for vertical 
propagation. Shear-wave raypaths for the Si VSP are incident at 
angles approximately 100 to 20° from vertical, and thus the delays 
at 1100 in should be smaller than 10 ins. 
Using the spectral method for measuring the effects of anisotropy 
(MacBeth and Crampin, 1989b), MacBeth (personal communication) 
measures differential shear-waves delays in the Si VSP from -7 ins 
at 1100 in to -14 ins at 2060 m, (see Table 5.1) and confirms an 
abrupt increase of delay around 1500 in. These delays agree with my 
results of synthetic modelling. 
The differential shear-wave delays observed in the SO VSP are 
approximately double those observed in the Si VSP, and can be 
modelled by shear-wave propagation through a volume of rock with 
approximately double the crack density. Rock properties change 
with lithology, but since the strata is horizontally bedded I do 
not expect large lateral variations of the rock properties. I 
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Figure 5.3 POs of synthetic shear-waves propagating through a 
cracked model with a range of crack densities in the depth 
intervals from 1500 in to 1600 in. The crack densities in the 1500 in 
to 1600 m interval are indicated above each PD column. Above 
1100 m the CD = 0.024. For the rest of the model CD = 0.005. 
Cracks are fluid-filled, vertically aligned and strike: (a) N45 0W 
for the SO offset; (b) N30°W for the Si offset. The velocities of 
the matrix material between cracks are: a = 2.8 km/s, 
13 = 1.49 km/s (0 - 800 in); a = 4.35 kin/s, 0 = 2.35 km/s 




































































Table 5.1 Differential shear-wave delays (At) for the SI. VSP. The 
time delays, measured using the Spectral Method (MacBeth and 
Crampin, 1989), are accurate to approximately ±1 ins. * denotes 
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Figure 5.4 Synthetic PDs of the Si VSP for a range of crack 
densities in the top 1100 m. Crack densities are indicated above 
each column. Beneath 1100 m the cracks have a crack density of 
0.005 until 1500 in, where CD = 0.12 until 1600 m. Beneath 1600 m 
CD = 0.005. Cracks are vertically aligned N30°W, fluid-filled and 
have a negligible aspect-ratio (-JR = 0.001). The velocities of the 
matrix material between cracks are: a = 2.8 km/s, 0 = 1.49 km/s 
(0 - 800 in); a = 4.35 km/s, 0 = 2.35 km/s (800 - 1800 m); 
a 	3.6 km/s, 0 = 1.8 km/s (below 1800 m). 
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therefore suggest that, in the area of the borehole, the crack 
properties are unlikely to vary laterally. Since the observed 
shear-wave motions are in response to the subsurface geology (see 
Chapters 3 and 4), and large lateral variations of crack properties 
are unlikely, the different shear-wave delays must be due to the 
shear-wave propagation paths having different azimuths and 	- 
incidences through the rock. Such large variations of delays over 
small angular directions are expected close to point singularities 
(Crampin, 1989a). 
5.4 Crack aspect-ratio 
Determining the crack aspect-ratio (the least dimension divided 
by the greatest), may allow porosity estimates to be calculated, as 
well as establishing the shape of the inclusion causing azimuthal 
anisotropy in the zone of interest. The change from thin to thick 
cracks has a significant effect on the elastic properties of the 
material, as noted by Crampin (1989c). There is evidence suggesting 
that cracks in rocks, are fluid-filled and of finite aspect-ratio 
(not flat). Tatham (1982) suggests that seismic velocities of 
sandstone may be controlled by cracks and pores with aspect ratios 
in the range 0.1 to 1.0, dolomite in the range 0.01 to 0.1, and 
dense limestones, of generally low porosity, in the range 0.001 to 
0.01. Crampin et al. (1986b) accounted for the changes of P-wave 
anisotropy beneath Mount Rood, Oregon, as changes of crack 
aspect-ratio. Temporal changes of delay between split shear-waves 
have been observed in California (Peacock et al., 1988), Turkey 
(Chen et al., 1987) and Arkansas (Booth et al., 1989). These 
temporal changes of delay can be modelled by increasing the 
aspect-ratio of stress-oriented microcracks (Crampin, 1987a). 
Figure 5.5 shows velocity variations for the layer above 1100 in 
with a range of crack aspect-ratios, from 0.1 to 0.3, calculated 
with Hudson's formulations. For small crack aspect-ratios 
(AR = 0.001), a line singularity (intersection between the phase 
velocity-sheets) occurs at approximately 30° from vertical in the 
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Figure 5.5 (a) Phase-velocity variations in cracked media with 
different aspect-ratios (AR = 0.1, 0.2 and 0.3) for a quadrant of 
directions (orthogonal to the strike of the cracks) from vertical 
to horizontal. Cracks are fluid-filled and have a crack density of 
0.024. The matrix material between cracks has velocities: 
cc = 2.8 kin/s, B = 1.49 kin/s. (b) Equal-area projections of the 
qS/-wave polarization for a hemisphere of directions. The cracks 
strike N30°W. 
for the larger crack aspect-ratios the line singularity has moved 
to larger incidence angles from the vertical. Increasing the 
aspect-ratio of the cracks reduces the effect of the pore-fluid, so 
that the velocity variations appear similar to those in the dry 
cracks. 
Raypaths for the S3 VSP cover a range of incidences from 
approximately 40 0 to 70 0 , and would be expected to sample incidence 
angles cloSe to a line singularity. Since line singularities move, 
for different aspect-ratios, shear waves recorded in the 53 VSP are 
likely to be affected by changes of crack aspect-ratios. PDs of 
synthetic shear-waves, in Figure 5.6, propagating through cracked 
models indicate that the wide-offset VSPs are most affected by 
changing the crack aspect-ratio. An aspect-ratio of 0.3 improves 
the modelling of the S3 VSP, however, the change in motion is not 
as marked as in the observed motions. The near-offsets are not 
affected by the changes of crack aspect-ratios below 0.3, but are 
affected for larger aspect-ratios. A medium containing homogeneous 
distributions of fluid-filled spherical inclusions (aspect-ratio of 
1.0) is effectively isotropic and shear waves do not split. As 
noted by Crampin(1989c), the scattering due to such homogeneous 
distributions of fluid-filled spheres causes the reductions in 
seismic velocities in rock similar to the velocities in particulate 
rocks (such as sandstones) and in rocks made up of grains of 
higher-velocity materials (such as quartzites). 
Figure 5.5(a) shows that for increased crack aspect-ratio, the 
transition zone moves out to wider incidence and the delays beyond 
this transition fall. However, in order to model the observed PDs 
on the 53 VSP, the time delays between the qSI- and qS2-waves on 
either side of the line singularity must be sufficiently large. 
5.5 Nonuniform crack distributions 
Borehole hydrofracturing indicates that the direction of the 
minimun principal stress is almost always horizontal (for example, 
Zoback et al., 1980). It thus follows that EDA-crack populations 
are likely to be predominantly vertically aligned (perpendicular to 












































Figure 5.6 (a) Synthetic shear-wave PDs, from offsets SO and Si, 
for propagation through cracked models with crack aspect-ratios 
ranging from 0.001 to 1.0. The aspect-ratios are indicated above 
each PD column. The crack density is CD = 0.024 above 1100 in and 
CD = 0.016 below 1100 in. Cracks are fluid-filled and aligned 
N30°V. The velocities of the matrix material between cracks are: 
a = 2.8 kin/s, 3 = 1.49 km/s (0 - 800 in); a = 4.35 km/s, 
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Figure 5.6 (b) Synthetic shear-wave PDs, from offsets 52 and S3, 
for propagation through cracked models with crack aspect-ratios 
ranging from 0.001 to 1.0. The aspect-ratios are indicated above 
each PD column. The crack density is CD = 0.024 above 1100 m and 
CD = 0.016 below 1100 in. Cracks are fluid-filled and aligned 
N30°W. The velocities of the matrix material between cracks are: 
a = 2.8 tunIs, 5 = 1.49 km/s (0 - 800 m); cc=  4.35 kin/s, 
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Figure 5.6 (c) Synthetic shear-wave PDs, from offsets S4 and S5, 
for propagation through cracked models with crack aspect-ratios 
ranging from 0.001 to 1.0. The aspect-ratios are indicated above 
each PD column. The crack density is CD = 0.024 above 1100 in and 
CD = 0.016 below 1100 m. Cracks are fluid-filled and aligned 
N30°W. The velocities of the matrix material between cracks are: 
a = 2.8 tunIs, $ = 1.49 kin/s (0 - 800 m); a = 4.35 km/s, 
B = 2.35 km/s (800 - 1800 m); a = 3.6 km/s, B = 1.8 km/s (below 
1800 in). 
79( 
system of parallel aligned cracks may be idealized, since cracks 
may have a distribution of alignments about a predominant 
direction. So far I have modelled only distributions of parallel 
aligned cracks, where the crack orientations form a single 
distribution with zero variance. Hudson (1986) extends his (1980, 
1981) crack formulations to the case where the cracks consist of 
two or more sets aligned in different directions. Using Hudson's 
(1986) formulations, I model two types of crack distributions: (i) 
cracks striking with an azimuthal orientation N30°W, but with a 
range of dips (the angles which the crack-plane surfaces make with 
the horizontal), predominantly vertical (dip = 90°), distributed so 
that one standard deviation of the crack-population dips within 5 1 , 
10 0  and 200  of vertical; (ii) all cracks are vertically aligned, 
but with a range of strikes (the directions of the intersections of 
the crack-plane surfaces and the horizontal plane), predominantly 
N30°W, distributed so that one standard deviation of the crack 
population strikes within 50, 100 and 20 0  of N30°W. Since several 
crack-sets with different orientations and crack densities are 
combined, the total crack density is constant. However, because 
the number of cracks aligned parallel decreases, the delay changes. 
Therefore, in order to maintain a similar delay for the zero-offset 
VSP, I increase the crack density for the sd = 20° distribution. 
I display, in Figures 5.7 and 5.8, equal-area projections of 
qSl-wave polarizations and differential shear-wave delays for the 
two crack distributions described above. These crack distributions 
result in orthorhombic symmetry. Even for small perturbations, 
tight distribution of alignments (sd= 5°), the cracked material no 
longer has hexagonal symmetry, and the shear-wave phase-velocity 
surfaces meet only at discrete point singularities. In 
orthorhombic media, the presence of point singularities on the 
shear-wave velocity sheets (Crampin and Kirkwood, 1981), causes 
rapid variations of the shear-wave polarizations and delays 
(Crampin, 1989a; Crampin and Yedlin, 1981). Point singularities, 
indicated in Figure 5.7 and 5.8 as black spots, move for different 
crack distributions. 
Figure 5.9 displays PDs for synthetic shear-wave propagation, 
through populations of cracks aligned predominantly vertically, 
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Figure 5.7 Equal-area projection of qSI-wave polarizations 
(left-hand side) and time delays between split shear-waves 
(right-hand side) in ms/kin, for propaKation through cracks with 
strikes N30°W and a distribution of dips (angle of the crack normal 
from the vertical). Cracks are aligned predominantly vertically 
and are distributed about the vertical with a standard deviation of 
(a) 50, (b) 10 0 , ( c) 20 0 and (d) 20 0 . Cracks are fluid-filled, 
with negligible aspect-ratio (AR = 0.001), and have crack densities 
CD = 0.016 except for (d), where the crack density is 1.67 times 
larger (CD = 0.026). Spots indicate the position of point 
singularities on the phase-velocity surfaces. 
Figure 5.8 Equal-area projection of qSI-wave polarizations 
(left-hand side) and time delays between split shear-waves 
(right-hand side) in ms/kin, for propagation through 
vertically-aligned cracks with a distribution of strikes (the 
directions of the intersections of the crack-plane surfaces and the 
horizontal plane). Cracks strike predominantly N30°W and are 
distributed about this orientation a standard deviation of (a) 50, 
(b) 10, (c) 20° and (d) 20 1 . Cracks are fluid-filled, with 
negiligible aspect-ratio (AR = 0.001) and have crack densities 
CD = 0.016 except for (d), where the crack density is 1.29 times 
larger (CD = 0.02). Spots indicate the position of point 
singularities on the phase-velocity surfaces. 
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Figure 5.9 (a) SO and Si PDs for synthetic shear-wave propagation 
through populations of cracks aligned Predominantly vertically, 
with distributions of dips, and a strike N30°W. The angles marked above the PD columns indicate the angular distributions of the dips 
for one standard deviation of the crack population. The velocities 
of the matrix material between cracks are: a = 2.8kin/s, 
= 1.49 kin/s (0 - 800 in); a = 4.35 km/s, S = 2.35 km/s (800 - 1800 in); a = 3.6 km/s, 5 = 1.8 kin/s (below 1800 in). The crack densities are: CD 0.024 (0 - 1100 in), and CD = 0.016 (1100 - 2060 in). The second PD column for the sd = 20° distribution has a crack density 1.67 times greater than the other 
distributions. The cracks are fluid-filled and have negligible 
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Figure 5.9 (b) S2 and S3 PDs for synthetic shear-wave propagation 
through populations of cracks aligned predominantly vertically, 
with distributions of dips, and a strike N30°W. The angles marked 
above the PD columns indicate the angular distributions of the dips 
for one standard deviation of the crack population. The velocities 
of the matrix material between cracks are: a = 2.8kni/s, 
= 1.49 km/s (0 - 800 m); a = 4.35 kin/s, 6 = 2.35 km/s 
(800 - 1800 m); a = 3.6 km/s, 3 = 1.8 km/s (below 1800 m). The 
crack densities are: CD = 0.024 (0 - 1100 m), and CD = 0.016 
(1100 - 2060 m). The second PD column for the sd= 20° 
distribution has a crack density 1.67 times greater than the other 
distributions. The cracks are fluid-filled and have negligible 
aspect-ratio (AR = 0.001). 
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Figure 5.9 (c) S4 and S5 PDs for synthetic shear-wave propagation 
through populations of cracks aligned predominantly vertically, 
with distributions of dips, and a strike N30°W. The angles marked 
above the PD columns indicate the angular distributions of the dips 
for one standard deviation of the crack population. The velocities 
of the matrix material between cracks are: a = 2.8kin/s, 
6 = 1.49 km/s (0 - 800 m); a = 4.35 km/s, 6 = 2.35 km/s 
(800 - 1800 in); a = 3.6 km/s, 6 = 1.8 km/s (below 1800 m). The 
crack densities are: CD = 0.024 (0 - 1100 in), and CD = 0.016 
(1100 - 2060 in). The second PD column for the Yd= 20 0 
distribution has a crack density 1.67 times greater than the other 
distributions. . The cracks are fluid-filled and have negligible 
aspect-ratio (AR = 0.001). 
with distributions of dips, and a strike N30°W. For a large 
distribution of dips, sd= 20 0 , the synthetic PDs at the bottom 
geophones of the 53 VSP rotate with depth in a manner similar to 
the observations (see Chapter 2). The synthetic PDs for the other 
VSP offsets show little change as the angular distribution of crack 
dips increases. The equal area-projection, in Figure 5.7(d), shows 
an increase of delay where the former line singularity has now 
pulled apart between the point singularities. Raypaths for the S3 
VSP sample directions close to the former line singularity (see 
Appendix A) and therefore experiences a larger delay. 
Figure 5.10 displays PDs for synthetic shear-wave propagation, 
through populations of cracks aligned vertically, with 
distributions of strikes predominatly N30 0W. Apart from the 
general decrease of delay (PD5 become more elliptical), the 
synthetic VSPs show little change in the PD patterns, as the 
angular distribution of strikes increase. In contrast to the equal 
area-projection in Figure 5.7(d), that in Figure 5.8(d) does not 
show a significant increase of delay where the former line 
singularity has now pulled apart between the point singularities 
(compare the cross-section of delays alongside the projection). 
I demonstrate in Chapter 6 that orthorhombic media resulting from 
the combinations of vertical EDA-cracks and horizontal 
PTL-anisotropy, can model the anomalous observations seen on the Si 
and 53 VSPs. It may be difficult to distinguish the anisotropy due 
to orthogonal crack-sets (one vertical and the other horizontal) 
from combinations of EDA- and PTL-anisotropies. Horizontally 
aligned cracks are expected in the near-surface, where the 
direction of minimum compressive stress is vertical (Crampin, 
1988c), however, they are unlikely to exist at depth. 
Observational evidence from sonic logs indicate that PTL is 
present. 
5.6 Pore-fluid properties 
An important factor controlling seismic velocities, in porous 
rocks with fluids, are the pore-fluid properties. Laboratory 
measurements in fully or partially saturated rocks show a 







































Figure 5.10 (a) SO and Si PDs for synthetic shear-wave propagation 
through populations of cracks aligned vertically, with 
distributions of strikes predominantly N30°W. The angles marked 
above the PD columns indicate the angular distributions of the 
strikes for one standard deviation of the crack population. The 
velocities of the matrix material between cracks are: a = 2.8krn/s, 
8 = 1.49 km/s (0 - BOO m); a = 4.35 km/s, 3 = 2.35 km/s 
(BOO - 1800 m); a = 3.6 km/s, 3 = 1.8 km/s (below 1800 in). The 
crack densities are: CD = 0.024 (0 - 1100 m), and CD = 0.016 
(1100- 2060 m). The second PD column for the sd= 20 0  
distribution has a crack density 1.29 times greater than the other 
distributions. The cracks are fluid-filled and have negligible 


















CD 	x 1.29 
50 100 20 0 20 0 












Figure 5.10 (b) S2 and S3 PDs for synthetic shear-wave propagation 
through populations of cracks aligned vertically, with 
distributions of strikes predominantly t'430°W. The angles marked 
above the PD columns indicate the angular distributions of the 
strikes for one standard deviation of the crack population. The 
velocities of the matrix material between cracks are: a = 2.8km/s, 
3 = 1.49 km/s (0 - 800 in); a = 4.35 kin/s, 6 = 2.35 kin/s 
(800- 1800 in); a = 3.6 tunIs, 6 = 1.8 km/s (below 1800 in). The 
crack densities are: CD = 0.024 (0 - 1100 in), and CD = 0.016 
(1100 - 2060 in). The second PD column for the sd= 200 
distribution has a crack density 1.29 times greater than the other 
distributions. The cracks are fluid-filled and have negligible 
aspect-ratio (AR = 0.001). 
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Figure 5.10 (c) S4 and S5 PDs for synthetic shear-wave propagation 
through populations of cracks aligned vertically, with 
distributions of strikes predominantly N30°W. The angles marked 
above the PD columns indicate the angular distributions of the 
strikes for one standard deviation of the crack population. The 
velocities of the matrix material between cracks are: a = 2.8km/s, 
6 = 1.49 km/s (0 - 800 m); cc=  4.35 km/s, $ = 2.35 km/s 
(800 - 1800 m); a = 3.6 km/s, 6 = 1.8 km/s (below 1800 m). The 
crack densities are: CD = 0.024 (0 - 1100 m), and CD = 0.016 
(1100 - 2060 m). The second PD column for the sd= 20 0 
distribution has a crack density 1.29 times greater than the other 
distributions. The cracks are fluid-filled and have negligible 
aspect-ratio (Al? = 0.001). 
significant variation of seismic velocities with the nature of the 
saturating fluids (King, 1966). The pore fluid can flow in 
response to pressure changes, and consequently the elastic response 
of a saturated cracked-solid to an applied stress may be time 
dependent. Furthermore, the internal flow of fluid in the pore 
space of the solid will result in the dissipation of energy. Thus, 
an elastic wave in such a medium will be attenuated owing to such 
dissipative, mechanisms, and its velocity may depend on its 
frequency (O'Connell and Budiansky, 1977). Unsaturated-crack models 
differ significantly from saturated-crack models, as discussed by 
Crampin (1984a). Modelling the Paris Basin VSP with dry-crack 
models has shown no improvement over saturated-crack models, 
however, cracks are probably fluid-filled at all depths in the 
Earth's crust (Crampin and Atkinson, 1985), except for the 
near-surface, where cracks are likely to be unsaturated. 
The effect of in situ temperature on the rock matrix appears to 
be fairly small (Yale, 1985), but Nur et al. (1984) show that 
temperature has a large effect on heavy-oil saturated 
unconsolidated sands (V decreases by 20% to 40% for an increase of 
100°C). blur et al. (1984) find that brine-saturated sands and 
sandstones show only a 1% to 30% percent decrease in Vi,, for an 
increase of 100°C. Nur suggests that the unconsolidated heavy-oil 
sand results are due to melting of the waxy-solid part of the heavy 
oils. The effect of temperature on saturated EDA-cracks is to 
change the elastic constants of the saturating fluids. The fluid 
rigidity fluid is zero (w=0), thus the temperature changes A, v and 
p. This affects shear-wave velocities, in a similar manner as 
increasing the aspect-ratio, by pushing the line singularity to 
wide incidence angles (S. Fraser, personal communication). 
5.7 Fractures in the surface weathered layer 
Weathering of the near-surface, involving moisture, plant roots, 
frost, and other agents, creates fractures as well as enlarging 
them. The weathered layered, typically a few metres to several 
tens of metres thick, has an abnormally low seismic velocity. The 
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base of the layer often coincides with the water table, indicating 
that this layer corresponds to the aerated zone above the 
water-saturated zone (Sheriff and Geldart, 1983). Thus, the 
weathered layer generally corresponds to a near-surface, 
low-velocity, unsaturated and fractured zone. 
Wave propagation in strongly anisotropic media (for instance, a 
heavily-fractured layer) may be different from propagation in 
weakly anisotropic media (observed down the geophone column). ThE 
presence of cusps and large group-velocity deviations may disrupt 
shear-wave polarizations. Orthogonal vertical fracture-sets, 
with equal fracture-densities, give rise to a cubic symmetry for 
which vertical propagating shear-waves do not split (see 
Figure 5.11). Consequently, a near-surface weathered-zone with a 
large density of fractures, may have different properties from 
those of the underlying rocks and may create irregularities in the 
observed VSP seismograms. 
Since fractures in the weathered zone are likely to be 
unsaturated (Sheriff and Geldart, 1983), there are no fluids to 
keep the fractures open and I would expect them to have small 
aspect-ratios. I find that shear-wave propagation through a large 
density of vertically-aligned unsaturated flat cracks (AR = 0.001) 
in a thin near-surface low-velocity layer can reproduce the 
observed PDs at 1100 m. Since there are no VSP observations 
recorded above 1100 m, I cannot determine whether the shear-wave 
delays at 1100 m are due to a homogeneous crack density of 0.024 
above 1100 in or due to a concentration of fractures in the 
weathered layer. If the observed anisotropy is due to a large 
density of fractures in the near-surface, any lateral variation of 
the thickness or fracture density of the weathered layer would 
result in different delays recorded on the individual VSPs. This 
could explain the small delays observed on the Si VSP. I require 
further information about the near-surface geology into order to 
establish whether the small delays observed on the Si VSP are due 
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Figure 5.11 Phase- and group-velocity variations (TOP) in a 
material containing orthogonal crack-sets. Variations are plotted 
for these quadrants of directions x-y, y-z and z-x planes. The 
solid lines are phase-velocities (normal to the surface of constant 
plane), and the dash-dot lines are group-velocities (the velocity 
of a packet of energy along a seismic ray). Phase- and 
group-velocities are joined at every 100  of phase-velocity. The 
lowermost diagrams are equal-area projections, for a hemisphere of 
directions, of the qSl-wave polarization and time-delay between 
split shear-waves. The black dots indicate the position of point 
singularities. The two crack-sets are aligned with their normals 
parallel to the x- and y-axes and have crack densities CD = 0.1. 
A crack aspect-ratio of 0.3 improves the modelling of the S3 VSP, 
however, the change in motion is not as marked as in the 
observations. This may be because the shear-wave delays are small, 
for directions close to the line singularity, and as the 
aspect-ratio increases, this delay decreases further. The 
near-offset VSPs are only affected by large aspect-ratios 
(AR > 0.3), which cause the delays to fall. Changing the 
properties of the saturating fluids may cause similar effects as 
changing the aspect-ratio. 
If the anisotropy above 1100 m is due to a large concentration of 
fractures in a weathered-layer surface, then differences in the 
layer thickness or fracturedensity could have a significant effect 
on the observed delays above 1100 m. 
Distributions of crack alignments lead to orthorhombic symmetries 
and the presence of point singularities. Synthetic shear-waves 
propagating through populations of cracks aligned predominantly 
vertically, with distributions of dips, and a strike N30 1W, 
indicate a change in motion at the S3 VSP similar to the 
observations. There is little change in the other VSP offsets. 
These results suggest that cracks with vertical and horizontal 
alignments can model the S3 VSP. However, it may be difficult to 
distinguish the anisotropy owing to orthogonal crack-sets (one 
vertical and the other horizontal) from combinations of EDA- and 
PTL-anisotropy. Horizontally aligned cracks are expected in the 
near-surface, where the direction of minimum compressive stress is 
vertical (Crampin, 1988c), however, horizontal cracks are unlikely 
to exist at depth. 
Since the VSP data are recorded between 1100 m and 2060 m, it is 
difficult to determine the spatial variation of the rock properties 
above 1100 m. Consequently, the upper 1100 m is better modelled 
with a homogeneous crack density of 0.024. Similarly I find that 
different crack orientations above and below 1100 m do not improve 
the modelling. The optimum crack orientation is N30°W ± 50. 
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The Si VSP is better modelled with a crack density from 0.008 to 
0.012 in the top 1100 m. These crack densities cause a delay of 
approximately 10 ms at 1100 in. This compares with a 20 ins delay 
observed at the SO VSP. The resolution of crack density in a 
particular zone of interest depends on the minimum detectable delay 
and change of delay through that layer. The delay depends on the 
layer thickness, velocity and anisotropy. The section of the Paris 
Basin between 1100 in and 2060 in has a mean crack density of 0.016. 
An abrupt increase of delay between 1500 in and 1600 in can be 
modelled with a large crack density of 0.12 in a 100 in thick layer 
from 1500 in to 1600 in and a weak crack density of 0.005 in the rest 
of the section beneath 1100 in. 
CHAPTER 6 
COMBINATIONS OF FINE LAYERING AND CRACK ANISOTROPIES 
6.1 Introduction 
I have modelled the Paris Basin VS?s with a wide range of 
different crack parameters, in order to improve the match of 
synthetic to observed seismograms. The behaviour of shear-waves is 
clearly not simply the result of propagation through parallel 
vertical EDA-cracks. Well logs show the fine layering commonly 
occuring in sedimentary basins. This fine layering is expected to 
cause the transverse isotropy known as PTL-anisotropy. Combinations 
of EDA- and PTL-anisotropies, withorthogonal symmetry axes, yield 
an orthorhombic symmetry system in which shear-wave phase-velocity 
sheets are analytically continuous only at discrete point 
singularities. A transition zone, close to a singularity, where 
there are rapid changes of shear-wave polarization and delay is 
responsible for the anomalous motions observed at the 53 \ISP. A 
point singularity at near-vertical incidence is responsible for the 
50% difference in the shear-wave delays observed between the SO and 
Si VSPs. The relative positions of the point singularities are 
affected by the particular combinations of EDA- and PTL-anisotropy, 
and consequently the singularities constrain the model parameters 
tightly. I investigate the EDA and PTL parameters which move the 
singularities and show that the positions of the point 
singularities are critical to the modelling of the Paris Basin. 
Dipping the cracks away from the vertical produces an excellent 
match for the near-offset VSPs, however, does not succeed in 
matching the wide-offset VSPs. Similarly models which match well 
the wide-offset VSPs do not succeed in matching the near-offset 
VSPs. Since the positions of the singularities are very sensitive 
to the rock properties, it may be that a small difference of the 
rock properties from the near to the far-offset VSPs causes the 
singularities to be in different positions. 
6.2 Combinations of EDA- and PTL-anisotropy 
86 
I demonstrated in Chapter 2 that the presence of periodic 
thin-layering and shale at the VSP site, cannot alone account for 
the observed shear-wave splitting at the near-offset VSPs. 
However, the observed shear-waves for the zero-offset VSP can be 
modelled with the azimuthal anisotropy of vertically aligned 
EDA-cracks. This is because EDA- and PTL-anisotropy have orthogonal 
axes of symmetry. PTL-anisotropy has hexagonal symmetry 
(transverse isotropy) with a vertical axis of cylindrical symmetry 
(azimuthal isotropy), whereas EDA-anisotropy has hexagonal symmetry 
with a horizontal axis of symmetry perpendicular to the crack faces 
(azimuthal anisotropy) (see Figure 6.1). Hexagonal symmetry is the 
only symmetry system where the shear-wave phase-velocity sheets 
meet along a line and can be thought of as intersecting along this 
line (Crampin and Kirwood, 1981). This line is called a "line 
singularity" (Crampin and Yedlin, 1981). The circles of line 
singularities occur, see Figures 6.2(a) and 6.2(b), symmetrically 
about the symmetry axes (Crampin and Yedlin, 1981). 
Combining a set of parallel cracks orthogonal to the PTL 
bedding-planes (for example, vertical EDA-cracks and horizontally 
laminated PTL) yields a rock with orthorhombic symmetry in the 
long-wavelength limit (Schoenberg, 1986b). Orthorhombic symmetry 
is also exhibited by olivine and orthopyroxenes, the principal 
rock-forming minerals of the deep crust and upper mantle. If the 
elastic properties of a material deviate slightly from hexagonal 
symmetry, the shear-wave phase-velocity surfaces will pull apart 
from the line singularity (Crampin, 1989a) and meet only at 
discrete point singularities. A point singularity is a place where 
the two surfaces are continuous with each other through the 
vertices of cone-shaped projections from the surfaces (Crampin and 
Yedlln, 1981). Singularities in shear-wave slowness-sheets have 
been recognised for many years (Duff, 1960). The shear-wave 
group-velocity follows a complicated path through a point 
singularity whose effect on the wave is not precisely known. The 
principal effect of point singularities on shear-wave propagation 
in weak anisotropy, where the group-velocity deviates little from 
the phase-velocity, appears to be the fall in delay between split 
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Figure 6.1 Phase and group-velocity variations for the three body 
waves propagating in: (a) EDA-anisotropy; (b) PTL-anisotropy; and 
(c) Orthogonal combination of EDA- and PTL-anisotropy. Variations 
are plotted for a quadrant of directions from vertical to 
horizontal. The three body waves are the quasi P-wave and two 
quasi shear-waves. The solid lines are the phase velocity (normal 
to the surface of constant phase), and the dash-dot lines are group 
velocity (the velocity of a packet of energy along a seismic ray). 
Phase- and group-velocities are joined at every 100 of phase 
velocity. EDA-anisotropy has a horizontal axis of cylindrical 
symmetry, whereas PTL-anisotropy has a vertical axis of cylindrical 
symmetry. 
EDA 	 PTL 
(a) 	 (b) 
EDA & PTL 
(c) 
Figure 6.2 Schematic representations the phase velocity surfaces 
indicating the nature of the line singularities in (a) EDA and (b) 
PTL media. (c) Orthogonal combinations of EDA- and FTL-media yield 
an orthorhombic system where the phase velocity sheets are 
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Figure 6.3 Comparison of the observed shear-wave PDs (OPEN) with 
synthetic shear-wave PDs (BOXED) for propagation through 
combinations of vertical fluid-filled cracks, striking N30°W, and 
PTL-anisotropy with 4% shear-wave velocity anisotropy. Cracks have 
negligible aspect-ratio (Al? = 0.001). The model has a crack 
densities CD = 0.024, from 0 m to 1100 in, and Cl) = 0.016, below 
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16.705 16.714 33.436 
0.0 0.0 0.0 	8.361 
0.0 0.0 0.0 0.0 	8.080 
0.0 0.0 0.0 	0.0 0.0 	8.76 
Table 6.1 Real parts of the elastic tensor (in Pascals x 10 9  ) for 
four layers containing combinations of EDA- and PTL-anisotropy. 
The isotropic rock-matrix velocties are: a = 2.8 km/s, 
B = 1.49 km/s (0 - 800 m); a = 4.35 km/s, 	= 2.35 km/s 
(800 - 1800 m); ot= 3.6 km/s, 0 = 1.8 km/s (below 1800 m). Cracks 
are fluid-filled, have negligible aspect-ratio 48 = 0.001, and have 
the normals to their faces parallel to the .-axis. The 
PTL-anisotropy has 4% shear-wave velocity. The elastic constants 
are listed for the depths intervals with the following crack 
densities: (a) 0 - 800 m, CD = 0.024; (b) 800 - 1100 m, 
CD = 0.024; (c) 1100 - 1800 m, CD = 0.016; (d) below 1800 m, 
CD = 0.016. 
deviate significantly from the Phase-velocity direction and the 
effect of singularities is more complicated. For a given phase 
velocity in the symmetry plane, for example 
qSR, the polarization 
is continuous across the singularity. This means that the faster 
qS/-wave will have an abrupt change of polarization at the 
singularity and likewise for the 02-wave. For directions of 
propagation in a plane, which cuts the slowness surfaces near a 
singularity, the velocities of the two shear waves approach each 
other in a pinch and at the pinch exchange polarizations and 
velocity gradients. Away from the symmetry plane, shear waves are 
no longer polarized radial and perpendicular to the phase velocity. 
Synthetic shear-wave PUs for a model containing combinations of 
EDA- and PTL-anisotropy are shown in Figure 6.3. The crack 
distributions have the same parameters as the improved model in 
Chapter 2 but are combined with 4% PTL-anisotropy. Elastic 
constants for for this model are listed in Table 6.1 The synthetic 
and observed PDs are well matched at all offsets except for the 
near-offset si. Synthetic shear-wave PUs for offset S3 show the 
rotation seen in the observed data. These results indicate that 
the observations from the wide-offset 53 VSP are due to raypaths 
close to the transition zone where the previous line singularity 
has pulled apart and the shear-wave phase-velocity surfaces now 
approach yet do not intersect. The larger PTL-anisotropy than 
EDA-anisotropy causes an increase of delays at the wide offsets. 
6.3 Investigation of EDA and PTL parameters 
The combinations of EDA- and PTL-anisotropy, presented in the 
previous section, model the observations at all offsets except for 
the near-offset si. The observed change in Si PDs around 1500 m is 
due to an increase of delay (see Chapter 5). The delays at the top 
geophones (1100 m) of the Si VSP are typically 7 ms, whereas the 
delays for similar geophones on the SO VSP are typically 20 ms. 
This large difference in delay between the two VSP5 may arise for 
raypaths close to a singularity. Shear-wave polarizations and 
delays, close to a singularity may change abruptly for small 
angular directions, thus, the relative position of the 
singularities are critical in order to model the Sl VSP. I examine 
the model parameters which move the relative positions of the point 
singularities. 
6.3.1 Magnitude of PTL-anisotropy 
Assuming that the EDA-crack distributions are vertically aligned 
and that the PTL-anisotropy has a vertical symmetry-axis, the 
observed delays at strictly vertical incidence can be attributed to 
the EDA-cracks. Consequently, the observed shear-wave delays, on 
the SO VS?, may be attributed to ElM-cracks alone. The EDA-crack 
parameters are therefore constrained within limits, obtained from 
the zero-offset SO VSP observations, and allow ranges of 
PTL-anisotropy to be examined. Synthetic shear-wave PDs generated 
for a series of models with differing PTL-anisotropy are shown in 
Figure 6.4. When the PTL-anisotropy is reduced below 3% the S3 
anomaly cannot be modelled, and similarly with a PTL-anisotropy 
above 5% the 53 anomaly cannot be modelled. This suggests that the 
PTL-anisotropy lies in the range from 3% to 5%. The equal-area 
projections, in Figure 6.5, of the qS/-wave polarizations and the 
differential shear-wave delays, indicate that increasing the 
PTL-anisotropy causes the point singularities to move to slightly 
different directions of propagation. However, the main effect of 
increasing the PTL-anisotropy is to increase the delay for 
wide-incidence raypaths. 
6.3.2 Lithological anisotropy 
The model has a mean PTL-anisotropy, or transverse isotropy with 
a vertical symmetry axis, of 4% ± 1%, however, this anisotropy 
could be localized over certain depth intervals. Shale is 
intrinsically anisotropic (Ricker, 1953; Kaarsberg,1968) with the 
same anisotropic symmetry as PTL-anisotropy. Consequently, layers 
of shale, in the Paris Basin, may contribute to the effective 
anisotropy of the periodic-thin layers. I would therefore expect 
that the spatial variation of rock lithology from limestone to 
shale would change the relative position of point singularities on 
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Figure 6.4 (a) Synthetic PDs for the SO and 51 VSPs for shear-wave 
propagation through models containing EDA-crack striking N30°W and 
a range of PTL-anisotropies. The model has a crack densities 
CD= 0.024, from 0 m to 1100 m, and CD= 0.016, below 1100 m. 
Cracks have negligible aspect-ratio (AR = 0.001). The 
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Figure 6.4 (b) Synthetic PDs for the S2 and S3 VSPs for shear-wave 
propagation through models containing EDA-crack striking N30°W and 
a range of PTL-anisotropies. The model has a crack densities 
CD = 0.024, from 0 m to 1100 in, and CD = 0.016, below 1100 in. 
Cracks have negligible aspect-ratio (4i? = 0.001). The 
PTL-anisotropy, indicated above each PD column, ranges from 3% to 
5% 
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Figure 6.4 (c) Synthetic PDs for the S4 and 55 VSPs for shear-wave 
propagation through models containing EDA-crack striking N30°W and 
a range of PTL-anisotropies. The model has a crack densities 
CD = 0.024, from 0 m to 1100 in, and CD = 0.016, below 1100 m. 
Cracks have negligible aspect-ratio (AR = 0.001). The 
PTL-anisotropy, indicated above each PD column, ranges from 3% to 
5% 
(a) 




Figure 6.5 Equal-area projections of qSI-wave polarizations 
(left-hand side) and contoured shear-wave delays (right-hand side), 
in ms/kin, for a range of PTL-anisotropies: (a) 3%; (b) 3.5%; (c) 
4%. Cracks are vertically-aligned, fluid-filled and striking 
N30°W. The black dots indicate the position of the singularities 
on the phase velocity sheets. 
(d) 




Figure 6.5 Equal-area projections of qSl-wave polarizations 
(left-hand side) and contoured shear-wave delays (right-hand side), 
in ins/kin, for a range of PTL_anisotropjes: (d) 4.5%; (e) 5%. 
Cracks are vertically-aligned, fluid-filled and striking N30 0 W. 
The black dots indicate the position of the singularities on the 
phase velocity sheets. 
transverse isotropy of shale would move the point-singularities 
towards the vertical, however, a large anisotropy is required in 
order to move the singularity to directions close to Si raypaths. 
For such a large transverse isotropy with a vertical symmetry axis, 
the wide-offset VSPs cannot be modelled. 
6.3.3 Multilayered model 
Interpreting the observations in terms of point singularities 
requires an understanding of the behaviour of the shear waves 
through all the layers of the model. Shear-waves propagating 
through the three-layered model, are incident at steeper angles 
(nearer to vertical) in the upper layer, and thus the behaviour of 
shear waves in the two layeis are different. The different 
shear-wave polarizations as a shear-wave is refracted, passing from 
one layer to another, may give rise to anomalous motions. The 
positions of point singularities in a multilayered model are likely 
to change for each layer, where the only differences between the 
layers are the seismic velocities. These changes are likely to be 
small and are due to small changes of Poisson's ratio of the 
rock-matrix. The differential shear-wave anisotropy may differ 
between two layers of the same crack density, but different v/v5 
ratios, and consequently the point singularities may move. These 
differences are small and synthetic modelling has shown little 
difference in the direct arrivals between three-layered and 
multilayered models. Since Si raypaths are near-vertical 
(100_200), the effect of refraction at an interface is less than 
for rays from the wide offsets with incidence exceeding 45 0 . 
6.3.4 Crack aspect-ratio 
I demonstrated in Chapter 5 that increasing the aspect-ratio of 
EDA-cracks moves the line singularity (where the two phase-velocity 
sheets intersect) to wider incidence angles. Similarly, with a 
combination of EDA- and PTL-anisotropy, an increase of the crack 
aspect-ratio causes the point-singularities to move (see 
Figure 6.6). Figure 6.7 displays the effect on synthetic 
shear-wave POs of gradually increasing the crack aspect-ratio. 









Figure 6.6 Equal-area projections of q51-wave polarizations 
(left-hand side) and contoured shear-wave delays (right-hand side), 
in ins/kin, for a range of crack aspect-ratios: (a) AR = 0.001; (b) AR = 0.05; (c) Al? = 0.1. Black dots indicate the position of 
point singularities. There is 4% PTL anisotropy and the cracks 
have a crack density CD = 0.016. 
(d) 
(e) 
Figure 6.6 Equal-area projections of qS/-wave polarizations  
(left-hand side) and contoured shear-wave delays (right-hand side), 
in ins/kin, for a range of crack aspect-ratios: (d) AR = 0.2; (e) 
AR = 0.3. Black dots indicate the position of point singularities. 
There is 4% PTL anisotropy and the cracks have a crack density 








































Figure 6.7 (a) Synthetic PDs for VSP offsets SO and Si, for 
shear-wave propagation through combinations of PTL.-anisotropy and 
EDA-cracks with a range of aspect-ratios, 0.001 < AR 
~ 
0.3, 
indicated aboce each PD column. The model has 4% PTL-anisotropy 
throughout. The crack densities are: CD = 0.024, from 0 rn to 1100 in; and CD = 0.016, below 1100 m. 
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Figure 6.7 (b) Synthetic PDs for VSP offsets S2 and 53, for 
shear-wave propagation through combinations of PTL-anisotropy and 
EDA-cracks with a range of aspect-ratios, 0.001 < AR < 0.3, 
indicated aboce each PD column. The model has 4% PTL-anisotropy 
throughout. The crack densities are: CD = 0.024, from 0 m to 
1100 m; and CD = 0.016, below 1100 in. 
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Figure 6.7 (c) Synthetic PDs for VSP offsets S4 and S5, for 
shear-wave propagation through combinations of PTL-anisotropy and 
EDA-cracks with a range of aspect-ratios, 0.001 < AR < 0.3, 
indicated aboce each PD column. The model has 4% PTL-anisotropy 
throughout. The crack densities are: CD = 0.024, from 0 m to 
1100 m; and CD = 0.016, below 1100 m. 
90e 
wide-offset VSPs indicate a significant change of motion. With 
larger crack aspect-ratio the 53 VSP can possibly be modelled with 
a smaller PTL-anisotropy. Increasing the crack aspect-ratio causes 
shear-wave PDs for the S4 and 55 VSPs to rotate in a manner similar 
to the S3 VSP. An increase of PTL-anisotropy does have the same 
effect on the 54 and 55 VS?s (see Figure 6.4). The equal-area 
projections, in Figure 6.6, indicate that increasing the crack 
aspect-ratio moves the point singularities, not lying on a plane of 
mirror symmetry, towards the NE/SW quadrants. For large 
aspect-ratios AR > 0.2, these singularities are very close to the 
singularity on the symmetry plane. These singularities affect the 
wide-offset VSPs which have raypaths in the SW quadrant of the 
projection (see Appendix A). As the crack aspect-ratio is 
increased, the equal-area pIojections indicate a change of qS/-wave 
polarization direction in the SW quadrant. In addition to a change 
of polarization the delays at the wider-offset VSPs increases 
slightly. Increasing the PTL-anisotropy would increase the delays 
but not cause significant change to the polarizations. 
These results indicate that the wide-offset VSPs are sensitive to 
the crack aspect-ratio. The wide-offset VS?s are well matched to 
the synthetic motions for a model consisting of combinations of 4% 
PTL-anisotropy and vertical WA-cracks with aspect-ratio in the 
range 0.05 < AR < 0.2. 
6.3.5 Dipping cracks 
With cracks inclined 15 0 from the vertical (dipping 750 to the 
SW), synthetic seismograms for the Si VSP display a characteristic 
change of motion with depth (see Figure 6.8). Observations for the 
near-offset SO VSP are also well matched with the synethetic POs. 
However, synthetic seismograms from the S3 source for this model do 
not display the characteristic rotation of PDs with depth 
(Figure 6.8). Rotating the crack alignment away from the vertical 
whilst keeping the model horizontally layered yields a monoclinic 
system. In general, when a single set of parallel cracks is 
neither perpendicu].car nor parallel to bedding, the equivalent 
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Figure 68 Synthetic shear-wave PDs (BOXED) for propagation 
through a BOA & ?TL model with cracks striking N30°W and dipping 
750 to the SW. The cracks are fluid-filled, have negligible 
aspect-ratio (AR = 0.001), and have crack densities: CD = 0.024, 
above 1100 m; CD = 0.005 from 1100 m to 1500 m; CD = 0.12 from 




perpendcular to the line of intersection (defined by 13 independent 
elastic constants) (Crampin and Kirkwood, 1981). 
The synthetic POs for the near-offsets SO and Si match well the 
observed PDs, because raypaths for the Si (offset 272 m) VSP sample 
directions close to a point singularity and consequently the delays 
are small (see Figure 6.9). In contrast, the raypaths for the SO 
VSP (offset 68 m) sample directions away from this singularity and 
experience a larger delay. This result confirms that the 50% 
difference in the observed delays at the two near-offset VSPs can 
be modelled as raypaths close to a singularity. For this 
particular model the wide offsets cannot be modelled. 
6.4 Summary 
The Paris Basin must have, at least, an orthorhombic anisotropic 
symmetry and maybe a monoclinic anisotropic symmetry. The most 
likely cause of such anisotropic symmetries is the combination of 
EDA- and PTL-anisotropies. A singularity at near vertical 
incidence is responsible for the considerably different delays 
observed between the two near-offset VSPs SO and Si. A transition 
zone, close to a singularity, where there are rapid changes of 
shear-wave polarization and delay is responsible for the anomalous 
motions observed in the wide-offset S3 VSP. The presence of 
singularities may seem surprising, to some, but that is because 
until recently there have been few suitable 3-C recordings to 
detect them. 
Singularities are expected to occur for propagation in most 
sedimentary rocks. Consequently, the interpretation and modelling 
of shear waves in sedimentary basins should take into account the 
possible effect of singularities on the observed shear-wave 
polarizations and delays. These effects include non-parallel 
shear-wave polarizations along a vertical profile, and abrupt 
changes of delays for small changes of propagation direction. 
Shear-wave singularities may occur at almost any incidence and 
azimuth, and their relative positions on the phase-velocity sheets 








Figure 6.9 Equal-area projections of qS/-wave polarizations 
(right-hand side) and contoured shear-wave delays (left-hand side), 
in ms/km, for cracks dipping 75° to the SW and striking N30 0W. The 
projections correspond to: (a) 0 m to 800 m, a = 2.8 km/s, 
B = 1.49 kin/s, CD = 0.024; (b) 800 m to 1100 m, a = 4.35 km/s, 
B = 2.35 km/s, CD = 0.024; (c) 1100 m to 1450 m, a = 4.35 km/s, 
13 = 2.35 kin/s, CD = 0.005. There is 4% PTL-anisotropy in each 







Figure 6.9 Equal-area projections of qSI-wave polarizations 
(right-hand side) and contoured shear-wave delays (left-hand side), 
in ms/km, for cracks dipping 75° to the SW and striking N30°W. The 
projections correspond to: (d) 1450 m to 1650 in, x = 4.35 km/s, 
13 = 2.35 km/s, CD = 0.12; (e) 1650 in to 1800 in, a = 4.35 tunIs, 
B = 2.35 tunIs, CD = 0.005; (f) below 1800 in, a = 3.6 km/s, 
B = 1.8 km/s, CD = 0.005. There is 4% PTL-anisotropy in each layer. 
Black dots indicate the position of point singularities. 
CHAPTER 7 
CONCLUSIONS OF THE PARIS BASIN STUDY 
7.1 Conclusions 
This analysis represents the first quantitative demonstration of 
extensive-dilatancy anisotropy in a sedimentary basin. Previously 
seismic evidence for EDA-cracks was confined to shear-wave 
splitting along raypaths above small earthquakes in regions of 
active tectonics. Modelling the anomalous observations from the 
far-offset VSPs has indicated that the sedimentary rocks must have, 
at least, an orthorhombic anisotropic symmetry. I suggest that the 
most likely cause of such an orthorhombic symmetry is the 
combination of fine-layering and crack-anisotropy. Figure 7.1 
compares the observed and synthetic shear-wave motions for 
propagation through the optimum model consisting of vertical cracks 
and horizontal fine-layering. 
A transition zone, close to a singularity where there are rapid 
changes of shear-wave polarization and delay, appears to be 
responsible for the anomalous motions observed in the wide-offset 
VSPs. Despite having been recognised for many years, the presence 
of singularities may seem surprising since until recently there 
have been few suitable 3-C recordings to detect them. 
The considerably different shear-wave time delays, observed 
between the two near-offset VSPs, can be accounted for by the 
presence of a point singularity at near-vertical incidence. This 
observation can be modelled by dipping the cracks at near-offsets, 
so that a singularity occurs at near-vertical incidences, yet 
keeping the cracks vertical for wide-offsets (Figure 7.2). This 
model is not unique, since lateral variations in crack density 
could also produce similar results. The anomalously low delays 
observed on the Si VSP appear to suggest that lateral variations of 
anisotropy (in the near-surface) may occur over a few 100 metres. 
The alignment of a large ensemble of cracks would expect to show 
local variations of properties, especially in the near-surface in 

















 Increasing Offset 
Figure 7.1. Comparison of the observed shear-wave PDs (OPEN) with 
synthetic shear-wave PDs (BOXED) for propagation through 
combinations of vertical fluid-filled cracks, striking N30°W, and 
PTL-anisotropy with 4% shear-wave velocity anisotropy. Cracks have 
finite aspect ratio, AR = 0.1. The model has crack densities 
CD = 0.024, from 0 m to 1100 m, and CD = 0.016, below 1100 iii. The 



























Figure 7.2. Comparison of the observed shear-wave PDs (OPEN) with 
synthetic shear-wave PDs (BOXED) for propagation through horizontal 
fine-layering and dipping cracks. The cracks are fluid-filled with 
negligible aspect-ratio, AR = 0.001, striking 1430°Si and dipping 750 
to the SW (aligned 15° from the vertical). The model has crack 
densities: co = 0.024, above 1100 m, CD = 0.005 from 1100 m to 1500 m; CD = 0.12 from 1500 m to 1600 in; and CD = 0.005 below 
1600 in. There is 4% ?TL-anisotropy. The isotorpic background 
rock-matrix has velocities listed in Table 7.1. 
'0 
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Without observations above 1100 m it has been difficult to 
establish a clear image of the near-surface properties, and I can 
only estimate the average rock properties. Beneath 1100 En, in the 
depth range surveyed by the VSP, a more detailed structure has been 
resolved. A zone of increased anisotropy has been identified 
between approximately 1500 m and 1600 m, and can be modelled by an 
increase of crack density. 
These results demonstrate that singularities are expected to 
occur for shear-wave propagation in most sedimentary rocks. 
Consequently, the interpretation and modelling of shear-waves in 
sedimentary basins should take into account the possible effect of 
singularities on the observed shear-wave polarizations and delays. 
These effects include non-parallel shear-wave polarizations along a 
vertical profile and abrupt changes of delays for small changes of 
propagation direction. Shear-wave singularities may occur at almost 
any incidence and azimuth, and their relative positions on the 
phase-velocity sheets tightly constrain the modelling of EDA- and 
PTL-anisotropy. 
7.2 Limitations of modelling 
Physical theories allowing the resolution of the forward problem 
are always an approximation of a more complex reality. The 
anisotropic reflectivity technique, that I have used to synthesize 
seismograms, is limited to 2-D modelling of horizontal anisotropic 
layers. This provides suitable model representation for the 
location under investigation, where the strata are structurally 
undeformed and relatively horizontal. The representation of 
ElM-cracks by Hudson's crack formulations is limited to small crack 
densities and aspect-ratios, however, Nishizawa's crack 
formulations allow the representation of cracks with larger 
aspect-ratios. Hudson's formulae do not consider the effects of 
interconnected pore space, though it is likely that this would have 
greatest effect on the attenuation of seismic waves. 
7.3 Resolution of final model 
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In assessing the significance of any physical observation, it is 
essential to consider the effects of possible errors on the final 
result, since all physical measurements are subject to error. The 
largest source of error in the Paris Basin data is the 
reorientation of the 3-C geophone tool, which is at best ±6 0 . This 
does not allow a more accurate determination of the shear-wave 
polarizations and hence crack orientations. 
I have inverted the VSP data by matching synthetic and observed 
shear-wave motions. This procedure depends on the ability to 
recognise subtle differences in waveform, and being subjective is 
open to errors. Automated techniques for extracting shear-wave 
polarizations and delays are expected to improve the sensitivity to 
changes of shear-wave splitting. By conducting sensitivity 
analyses, I have determined how well constrained, or resolved, are 
the parameters of the final model. I have found that some 
parameters are poorly constrained and little or no information may 
be determined, whereas other parameters are tightly constrained 
(see Table 7.1). The uncertainties associated with each parameter 
represent the range of values over which the parameter can vary 
before changing significantly the seismic response displayed as 
PDs. In general, the resolution of crack properties depends upon: 
the thickness of the zone-of-interest; the background rock-matrix; 
and the source and receiver parameters. Thus, the values for the 
parameters in Table 7.1 should be corrected for the instrumental 
errors and the uncertainty in the background rock-matrix velocity. 
7.4 Suggestions for future experimental design 
Since the resolution of crack properties depends on the source 
and receiver geometries, it is important to consider carefully the 
experimental design, in order to optimally illuminate a zone of 
interest. Recording VSP data is expensive compared with reflection 
surveys, particularly in the high-cost production environments. 
However, for detailed studies of anisotropy in hydrocarbon 
reservoirs, VSPs are necessary to extract the valuable information 
about crack- and stress-geometry contained in shear-wave splitting. 
The Paris Basin VSP dataset has a small azimuthal coverage away 
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MODEL PARAMETERS: VALUE AND UNCERTAINTY: 
Crack density (1) 0.024 ± 0.004 (0 - 1100 m) 
0.016 ± 0.005 (below 1100 in) 
Crack density (2) 0.024 ± 0.004 (0 - 1100 in) 
0.005 ± 0.001 (1100 - 1500 in) 
0.12 	± 0.02 (1500 - 1600 in) 
0.005 ± 0.001 (below 1600 in) 
Strike of cracks N30°W ± 5 0  
Dip of cracks 750 	E 6 C 90° 
Crack aspect-ratio 0.001 $ AR C 0.3 
Pore fluid Unknown (water?) 
Crack distribution Unknown (uniformly aligned?) 
PTL-anisotropy 4% ± 1% 
Rock-matrix a= 2.8 km/s; 3 = 1.49 km/s (0- 800 in) 
velocities a = 4.35 Junls; 3 = 2.35 kin/s (800 - 1800 in) 
a = 3.6 km/s; 3 = 1.8 kin/s 	(below 1800m) 
Table 7.1. Values and uncertainties of parameters defining the 
optimum model for the Paris Basin VSPs. The crack densities are 
given for two models: (1) a homogeneous distribution of cracks 
below 1100 in, and (2) a more detailed distribution. These 
uncertainties are the range of values with which the parameters 
have been resolved from modelling and do not include the 
uncertainties in the rock-matrix velocities and tool orientation. 
Note that the crack parameters change for the different background 
models and the thickness of the zone-of-interest. 
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from the borehole, and with a more complete coverage there would be 
greater constraint of the model parameters. I suggest that 
monitoring the positions of point singularities may potentially 
improve the resolution of reservoir properties. There are several 
point singularities, which occur at different directions 
(incidences and azimuths) of shear-wave propagation. Close to - 
these singularities polarizations rapidly change direction and 
delays go to a minimum. Since delays change abruptly close to 
singularities, this offers the possibility to identify accurately 
their positions. Point singularities move in response to changes of 
rock properties and different crack properties cause different 
changes. Carefully designed experiments could therefore detect 
point singularities and determine crack properties from the angular 
positions of the singularities. 
Theoretical studies suggest that with suitable raypaths the 
position of point singularities can be measured to within 1 0 , 
whereas comparatively small changes of crack properties move point 
singularities by ±5° to different directions (azimuth and 
incidence) of shear-wave propagation. This offers the potential to 
measure crack densities with greater accuracy and resolve details 
about the crack aspect-ratio and pore-fluid properties. However, 
there may be cases where shear waves are too sensitive, to the 
subsurface rocks, and a clear image cannot be obtained. Because 
the angular position of singularities is sensitive to the rock 
properties, small variations of these properties, such as the 
change of rock-matrix velocities from limestone to shale, may cause 
the singularities to move. Throughout a sedimentary section 
consisting of several rock types, it is unlikely that the 
singularities remain in a fixed position, and shear-waves observed 
at a downhole geophone may display an averaged effect. 
I suggest that point singularities are an important aspect of 
seismic anisotropy which should not be ignored. Singularities may 
be a nuisance to interpreters, who may, for example, assume that 
qSl-wave polarizations are parallel to the strike of the cracks and 
obtain erroneous results (for example, multiple crack orientations, 
crack rotations, etc.), however, monitoring singularities may 
provide an additional tool for reservoir description. 
APPENDIX A: EQUAL-AREA PROJECTIONS 
To study the behaviour of shear-waves in an anisotropic material 
it is useful to display the theoretical quasi shear-wave 
polarizations and their time delays, for different propagation 
directions through the material. Since the shear-wave 
polarizations and delays vary with the incidence and azimuth of 
propagation. direction, we wish to examine a 3-D property. A 
convenient way of displaying this 3-D variation of polarizations 
and delays is with an equal-area projection of a hemishpere of 
directions projected onto a plane. Equal-area projections (polar 
maps) are a means of mapping 3-D variations-with-direction over a 
hemisphere onto a plane surface. 
Figure A.1(a) shows the raypaths for a wave propagating 
downwards, from a surface source to two geophones GI and G2, at 
incidences 8 and 82 and azimuth +. Figure A.1(b) illustrates the 
geometry of the projection for the two incidences onto a horizontal 
line at an azimuth +. The angle 8 is projected onto the line at a 
distance 42 sin(9/2) relative to 90 0 . As the incidence 8 
approaches 90° the angles projected onto the line come closer 
together. Figure A.1(c) displays a schematic equal-area projection 
with the direction of wave propagation to the geophones Cl and G2 
plotted for incidences 8, and 82  and azimuth •. 
The construction of an equal-area projection, in Figure A.l, for 
directions around the source (as a lower hemisphere), and the 
azimuth + represents the direction in which the waves travel. 
Alternatively an equal-area projection can be constructed around 
the geophones. (as an upper hemisphere) with the azimuth 
representing the direction from which the waves originate. The two 
different projections can be mapped onto each other by a 180° 
rotation around the vertical axis. 
Figure A.2 displays an equal-area projection with lines marking 
incidences and azimuths. Vertical propagation at zero incidence is 
plotted at the centre of the projection. The largest circle of the 
projection represents incidence at 900. The position around the 
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Figure A.1 Schematic construction of an equal-area projection. (a) 
Raypaths from a surface source to geophones Gi and G2 are incident 
at angles 8 and 8 2 The positions where the raypaths cross the 
lower hemisdhere are marked as circles and joined by a line. (b) 
For an azimuth • the points on the hemisphere are projected onto a 
horizontal line. (c) Extending the line in (b) for all azimuths 
projects a circle. The two incidences to geophones are projected 
as the two circles at the appropriate azimuth for the 
radial direction. 
360 0 
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Figure A.2 Equal-area projection (polar map) for a hemisphere of 
directions with incidences from 0 0  to 900 and azimuths from 00 to 
360° 
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Figure A.3 illustrates how (a) the qSl-wave polarizations, and 
(b) the time delays between qSI- and qS2-waves for a cracked 
material may be displayed in equal-area projections. Cracks are 
vertically aligned and striking 1500/3300. The inner circle marks 
the limit of the shear-wave window at the free surface for 
incidence angles arcsin(V51v? = 35.26 0 . Note that the shear-wave 
window is only important for surface observations, and is indicated 
on the projections for scale. The qS/-wave polarizations (short 
bars) within the shear-wave window are parallel to the strike of 
the cracks. Outside the shear-wave window the qSl-wave 
polarizations are only parallel to the strike of the cracks for a 
limited range of azimuths (120° < $ ~ 1800 and 360° < + < 300 0 ). 
The time delays between split shear-waves are contoured and scaled 
in milliseconds of delay for a 1 km travelpath. The delays are a 
maximum for all incidences at an azimuth 150 0 /330 0 . The long solid 
bars indicate the range of incidence angles sampled by raypaths for 
the VSPs of the Paris Basin data-set, marked at their appropriate 
azimuths. The range of raypaths for the nearest-offset source SO 
is not indicated as the incidences are very close to zero (8 = 0°). 
The range of raypaths sampled by the Si VSP is indicated as the 
solid bar nearest to the centre of the projection. The range of 
raypaths for the S2 VSP are identifiable as the solid bar crossing 
the limit of the shear-wave window. The wide-offset VSPs 53, S4 and 
55 have similar azimuths and incidences, and are bunched closely 
together on the projection. Note that the top geophones of the VSPs 
have largest incidence angles and therefore appear as the end of 
the solid bar furthest from the centre of the projection. 
If the model does not consist of a single homogeneous layer, then 
each layer through which the waves propagate may have different 
properties. Consequently, the polarizations and delays for each 
layer of the model must be studied individually, with a separate 
equal-area projection. The raypaths through each layer may also 
differ, and thus the solid bars, indicating the range of raypaths 
move to different incidences. 
Several other projections are possible. The most notable 
alternative being the stereographic projection which preserves 
angles, but the equal-area projection is preferred as the 
variations are displayed in approximately the correct proportional 
distributions. Note that the centre of the projection, where waves 
propagate nearly vertically downwards, is almost independent of the 
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Figure A.3 Equal-area projection (polar map) of: (a) qSI-wave 
Polarizations; and (b) contoured time delays between split 
shear-waves labelled in milliseconds delay for a 1 km travelpath. 
APPENDIX B: PTL FORMULATIONS 
Postma (1955) expresses the five elastic moduli of the 
equivalent transversely isotropic medium in terms of the elastic 
properties and the ratio of the thicknesses of the individual 
isotropic layers. Since my study of PTL-media requires varying the 
PTL-anisotropy, I have derived an emperical relationship between 
the elastic properties of the individual isotropic layers and those 
of the long-wavelength equivalent transversely-isotropic medium, 
thus allowing the inverse solution to be found. This relationship 
ensures that, for equal thicknesses of periodic layers, the maximum 
quasi shear-wave velocity in the anisotropic medium (PTL-medium) is 
always equal to the shear-wave velocity in the isotropic medium. 
In other words, given an isotropic medium, from which a PTL-medium 
is to be defined, the maximum shear-wave velocity in the PTL-medium 
will always be that of the isotropic medium, provided that the 
periodic thin-layers have the same thickness. This is convenient 
since an arbitrary choice of velocities for the isotropic 
laminations may result in the desired P- or shear-wave anisotropy, 
but the actual quasi P- and shear-wave velocities may differ 
considerably from the original isotropic velocities. This 




J 4. 1 	' a' 	 jqP max 	= 'P 	 (8.1) 
a' = [ 16a 1 2 + Vi0C2 2 
	
(8.2) 
where n = 2.0; 5, is the P-wave velocity anisotropy; a ,  and a 2 
are the P-wave velocities of the two isotropic periodic thin-layers 
comprising the PTL-medium; and a' is the P-wave velocity of the 
unlaminated isotropic medium. Expression 8.2 has this form because 
I have taken the average of the elastic constants (A and ji) of the 
periodic isotropic layers. A' = ½(X 1 + A 2) and i' = 	+ 11 2). 
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Relationships (8.1) and (8.2) can be rearranged to solve for a 1 and 
a2 . 
0' 1 	a'/2 [(4 - t/A) " + (t/A) 	 (8.3) 
a2 = a'/2 1(4 - t/A)½_ (t/A)'A] 	 (B.4) 
For a given $ (P-wave anisotropy), an' I a' (the P-wave velocity of 
the isotropic medium prior to creating a PTL-medium) expressions 
(8.3) and (8.4) are used with Postma's equations, in an iterative 
manner, to determine values for a 1 and a2. The iterative steps are 
described below. 
The 	constant A, 	initially unknown, 	is calculated 	with 
Postma's (1955) formulae for a range of velocities, a 1 , 
a 2 , 	6 	and 	132- 
4, 
For a given t 	the P-wave 	velocities 	of the isotropic 
laminations a and a2 are 	calculated 	using 
relationships, 	?B.3) 	and 	(8.4), and 	the 	value of A 
previously calculated in step (1). 
Using 	Postma's formulae, 	• 	is then 	recalculated 	for 
the new set of velocities, a, and a 2 . 
t 
The difference between the 	desired 	0 	and 0 	obtained 
for 	the isotropic velocities a 	and a 2 , is minimized 
using a Newton-Raphsori iteration, of steps (2) and (3) 
above. 
The shear-wave velocities, $j and 82 can be determined by a simple 
relationship between the P- and shear-wave velocities. For a 
constant Poisson's ratio, the velocity ratio a/B is constant and 






a 1 x 
13 2  = a2 x 
In the above expressions I have assumed that the layer thicknesses 
and densities are equal in both layers, but for the calculation 




C 	 * 
C This program calculates, for a desired 2- or S-wave anisotropy, * 
C the isotropic p- and S-wave velocities of the periodic layers. 	* 
C 	 * 
C lain Bush 17/06/87 	 * 
C 	 * 










C Input parameters 
C Isotropic F- and S-wave velocities, density and 




102 FORMAT(/'$Enter material density (g/cm3) (Q-Quit):') 
READ(5,*,ERR_101) RHO 
IF (RHO.LE.0) STOP 
103 WRITE(6,104) 
104 FORMAT('$Enter isotropic P-wave velocity (km/s) (Q-Quit):') 
READ(5,*,ERR_103) A? 
IF (AP.LE.0) STOP 
105 WRITE(6,106) 
106 FORMAT( '$Enter isotropic S-wave velocity (km/s) (Q-Quit) 
READ(5,*,ERR_105) B? 
IF (B?.LE.0) STOP 
IF (BP.GT .AP) THEN 
WRITE( 6,107) 
107 	FORMAT(//1X,'S-wave velocity greater 




109 FORMAT('$Enter thickness (m) for PTL layer 1 and 2 (Q-Quit):') 
READ(5,*,ERR_108) 01,D2 
IF (Dl.LE.O .OR. D2.LE.0) STOP 
C 
C------------------------------ 
C STEP 1: Determine constant "A' 
C------------------------------ 
C 
C Constant 'A" is determined for a range of I/P & 0/P velocity 
C anisotropies. A power regression is performed to determine the 
C approx. value of "A", where we assume that ?CP_A*(PC2)**2. 
C 











BI-BP+ ( BP*PCX) 
32-5P-( B?*PCl) 
C 
C 	For the periodic thin-layers with velocities 
C Al, AL 81 and 82, and thicknesses Dl and D2, 
C 	calculate the elastic constants of the 
C long-wavelength equivalent PTL-medium. 
C 
CALL pQ$TMA(RHO,Dl ,D2 ,Al,A2,Bl,82,Cll ,C12,C13,C33,C44 ,C66) 
C 
C 	From the elastic contants, the P- and shear-wave 
C velocites are determined for motion parallel and 







C 	From the maximum and minimum velocities, the percent 
C ?- and shear-wave anisotropies are calculated. 
C 
PCP_100 . 0*(VPX_VPZ)/VPX 
Pc2-100 . O*(Al_A2)/A? 
pcs-t00.0 JS1_VS2)/VS1 
C 














C END OF STEP 1: - 
C 
C 




301 FORNAT('$Select P-Wave (?), S-Wave (S) anisotropy,' 
1,' or (Q-Quit):') 
READ(5,302) WAVE 
302 FORMAT(A) 
IF (WAVE.EQ.'Q' .OR. WAVE.EQ.'q') STOP 
IF (WAVE.EQ.'?' .OR. WAVE.EQ.'p') THEN 
WRITE( 6,303) 
303 	FORMAT('$Enter percent anisotropy (Q-Quit):') 
READ(5,*) ANIS 
IF (ANIS.LE.0) STOP 
Z-ANIS/( 4. 0A) 
ELSEIF (WAVE.EQ.'S' .OR. WAVE.EQ.'s') THEN 
WRITE( 6,303) 
READ(5,*) ANIS 









304 FORN.AT(/' Alpha (km/s): ',F9.6,','3X,'Beta (km/s): 1 ,F9.6/ 
1,' Rho (g/cm3): ',F7.4,','3X,'0l (m): ',F7.3,','3X,'D2 (m):' 
2,F7.3/lx,A,'-wave anisotropy (U: ',F8.4/ 




IF (ANS.EQ.'N' .OR. ANS.EQ.'n') GOTO 100 
C 
C 
C (IL programcrashes at this stage check that 0.0 C I C 1.0) 
C 
C ------- 
C STEP 2: 
C ------- 
C 
C Calulate the P- and shear-wave velocities for the 






Al_AP*( SQRT( 1 0-Z)+SQRT(Z) 
A2_AP* ( SQRT( 1 0-Z)-SQRT(Z) 
B1-BP( SQRT( 1 0-Z)+SQRT(Z) 
82_BP*( SQRT( 1 0-l)-SQRT(Z) 
C 
C 
C STEP 3: 
C ------- 
C 
C 	From the F- and shear-wave velocities and thicknesses 
C of the periodic thin-layers, use Postma's formulae to 
C 	calculate the elastic constants of the long-wavelength 
C FTL-medium. 
C 
CALL POSTMA(RHO,Dl,D2,A1,A2,Bl,B2,Cl1,C12,Cl3,C33,C44 ,C66) 
C 
C 	From the elastic contants, the P- and shear-wave velocites 
C are calculated for motion parallel and perpendicular to 
C 	the symmetry plane. 
C 





C 	From the maximum and minimum velocities, calculate 






C STEP 4: 
C ------- 
C 
C 	The error between desired (ANIS) and resultant (PCT) 
C anisotropy is determined and if greater than ERR the 
C 	process is repeated for new "A". New "A" is calculated 
C by multiplying the slope of the function (dx/dy) by the 
C 	difference of desired and resultant anisotropies. 
C 
IF (WAVE.EQ.'P' .OR. WAVE.EQ.'p') PCT-PCP 
102c 
IF (WAvE.EQ.'S' .OR. WAVE.EQ.'s') PCT-?CS 
N-N+1 
C 
C 	Repeat calculation of PC? and PCS for a slight 
C increase in 1, so as to determine the slope of 
C 	the function f(z) at Z. 
C 
IF (N.EQ.1) THEN 
OLDZZ 
z_Z+(Z*0.0001) 
OLD ?CT P CT 
GOTO 400 
ELSE 










C ITERATE BACK TO STEP 2: 
C 
C 
IF (ABS(DIFF).GT.ERR) GOTO 400 
C 
C 
C CALCULATION COMPLETE: 
C 
C 




- lx, , -------------------------- 
- , -- 
- 1x,'PTL INPUT: (Velocities of thin layers)'/ 
- lX,A,'-wave anisotropy a' 
- ,F8.4,'%',4X,'Density 	,P7.4,' g/cm**3') 
WRITE(NOUT, 501) Al ,B]. ,Dl ,A2 ,82 ,D2 
501 FORMAT(1X,'Vp(l) - 1 ,r9.6,' km/s',4X,'Vs(l) - 1 ,F9.6,' km/s', 
- 4x,'dl -',F7.3,' in'! 
- ,lX,'Vp(2) - 1 ,r9.6,' km/s',4X,'VS(2) - 1 ,F9.6,' km/s', 
- 4X,'d2 -',F7.3,' in') 
WRITE(NOUT,502) VPX,VPZ,PCP,VS1,VS2,PCS 
502 FORMAT( 
- lx, , -------------------------
' 
- , ---------- 
- tX,'PTL OUTPUT: (Velocities in long-wavelength ?TL medium)'/ 
- lx,'Vp(x) - 1 ,F8.5,' km/s',4X,'Vp(z) - ',Ei.S,' km/s',3X, 
- '%Vp - 
- ,1X,'Vqsl - ',F8.5,' km/s',4X,'Vqs2 - ',FB.S,' km/s',3X, 
- '%Vs - 
- ix, , -------------------------------------------
, 
- , ---------- 
WRITE(NOUT,503) C11,C12,C1l,C13 ,C13,C33,C44,C44,C66 
503 FORMAT(/' Elastic Tensor Elements in ?ascals*10**9h//12X, 
-'(1,1) 	(2,2) 	(3,3) 	(2,3) 	(1,3) 	(1,2) 1 /2x, 
- '(l,l)',lX,F10.3/2X, 
- '(2,2)', 1X, FlO .3, lx, riO. 3/2X, 
- 1 (3,3)' ,lX,F10.3,1X,Fl0.3,1X,F1O.3/2X, 
- '(2,3) 	0.000 	0.000 	0.000 ',F10.3/2X, 
- 
	
1 (1,3) 0.000 0.000 0.000 	0.000 1 ,Fi0.3/2x, 








SUBROUTINE POSTMA(RHO,D1 ,D2,A1,A2,Bl,B2,Cll,Cl2,Cl3,C33,C44,C56) 
The expressions of Postma (1955) are used to determine the elastic 
constants for a PTL material. The density, thickness and body wave 
velocities for the periodic layers are required as input. 
REAL Ll,L2,Ml,M2 
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